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PREFACE 


Issuance  of  this  volume  fulfills  the  terms  of  contract  number 
AA-854-PH1 -668  between  the  Bureau  of  Land  Management,  United  States  Department 
of  the  Interior  and  Dr.  George  M.  Van  Dyne  of  the  Department  of  Range  Science, 
Colorado  State  University,  Fort  Coilins,  Colorado.  Previously  Dr.  Van  Dyne 
had  undertaken  "An  Administrative  Study  on  Application  of  Optimization  Methods 
to  Decision  Making  in  Forage  Allocation,"  contract  number  YA-51 2-CT8-260 , with 
the  Bureau  of  Land  Management.  During  the  course  of  that  study,  a number  of 
progress  and  summary  reports  were  issued  to  the  funding  agency,  the  last  six 
of  which  are  included  in  this  volume.  The  dates  of  issue  for  chapters  A 
through  F respectively  were:  April  1980,  April  1980,  June  1980,  November 

1980,  July  1980,  and  June  1981.  A graduate  student  who  worked  under 
Dr.  Van  Dyne's  supervision,  P.  T.  Kortopates,  is  primarily  responsible  for 
chapters  A and  F.  A research  associate  who  worked  with  Dr.  Van  Dyne, 
Dr.  J.  W.  Skiles,  is  primarily  responsible  for  chapters  B through  E. 
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ADDENDA 


Since  the  information  in  Chapter  D was  compiled  and  the  report  issued, 
several  publications  have  been  released  which  pertain  to  the  topic  of  large 
herbivore  diet  composition.  These  are: 

Everitt,  J.  H. , and  C.  L.  Gonzalez.  1979.  Botanical  composition  and  nutrient 
content  of  fall  and  early  winter  diets  of  whitetaiSed  deer  in  south 
Texas.  Southwestern  Naturalist  24:297-310. 

Hobbs,  N.  T.,  D.  L.  Baker,  J.  E.  Ellis,  and  D.  M.  Swift.  1981.  Composition 
and  quality  of  elk  winter  diets  in  Colorado.  J.  Wild!.  Manage. 

45:1 56-171 . 

Seegmiller,  R.  F. , and  R.  D.  Ohmart.  1981.  Ecological  relationships  of  feral 
burros  and  desert  bighorn  sheep.  Wildlife  Monographs  No.  78.  58  p. 

Tueller,  P.  T.  1979.  Food  habits  and  nutrition  of  mule  deer  on  Nevada 

ranges.  Agric.  Expt.  Sta.,  Univ.  of  Nevada,  Reno.  Final  Report,  Federal 
Aid  in  Wildlife  Restoration.  Project  W-48-5,  Study  1,  Job  2.  104  p. 

A thesis  produced  using  the  information  contained  in  this  volume  is: 

Kortopates,  P.  T.  1981.  Optimization  models  for  allocating  forage  to 

combinations  of  large  herbivores.  M.S.  thesis.  Range  Science  Dept., 
Colorado  State  Univ.,  Fort  Collins.  127  p. 
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INTRODUCTION 


A common  problem  among  rangeland  resource  managers  and  users  is 
determining  the  best  mixture  and  numbers  of  different  large  herbivore  to  stock 
on  a grazinglamd  composed  of  varying  amounts  of  different  plant  forage 
species.  Each  forage  species  may  have  associated  with  it  different  allowable 
use  levels  and  different  relative  preferences  for  it  expressed  by  large 
herbivores.  Also,  there  may  be  restrictions  on  the  number  of  large  herbivores 
which  can  remain  on  an  area  for  a season  or  for  the  entire  year.  Independent 
of  the  use  of  a given  forage  species,  the  overall  standing  crop  of  herbage 
necessary  to  maintain  the  range  site  must  be  considered  and  depends  partly  on 
slope,  soil  conditions,  and  exposure.  Essentially,  the  problem  is  one  of  how 
to  allocate  the  different  forage  species  to  the  various  herbivores  and  yet  not 
over  utilize  the  range  resource. 

Various  ways  of  approaching  this  problem  have  been  proposed.  Initially, 
the  methodology  of  forage  allocation  was  restricted  to  the  single  season  case 
and  was  concerned  primarily  with  determining  the  carrying  capacity  of  the 
range.  Hunter  et  a I . , (1  976)  proposed  a serial  linear  programming  model  which 
accounts  for  uncertainty  in  estimating  seasonal  forage  production  while 
optimizing  economic  revenues.  This  is  different  from  other  earlier  single 
species  models  (c.f.  for  example  D'Aquino  1974)  in  that  the  emphasis  is  on  the 
determination  of  a maximum  grazing  load  in  animal  numbers  rather  than 
maximizing  net  dollar  returns. 

The  key  species  approach  (Smith  1965)  attempts  to  maximize  the  combined 
relative  contribution  of  the  forage  species  utilized.  The  degree  of 
utilization,  determined  £ priori,  of  one  or  more  key  species  is  limited  level 
of  proper  use.  Smith  (1965)  used  the  data  of  Cook  (1954)  to  calculate  forage 
factors  for  cattle  and  sheep  under  common  use  and  each  grazing  alone.  He 
demonstrated  the  necessary  conditions  for  which  common  grazing  could  increase 
the  carrying  capacity,  the  criterion  being  that  the  combined  utilization  of 
all  forage  species  must  be  greater  for  a particular  combination  of  herbivores 
than  either  herbivore  grazing  alone.  All  this  is  subject  to  the  constraint 
that  the  key  species  are  not  utilized  beyond  their  allowable  use. 

The  limiting  factor  approach  to  forage  allocation  (Gumbmann  1978) 
considers  the  overall  diet  of  the  herbivore  and  the  subsequent  grazing  load  on 
all  forage  species.  With  this  approach,  the  key  species  are  determined  after 
comparing  production  and  utilization  figures  as  the  most  limiting  and  most 
susceptable  forage  species  to  overgrazing.  This  is  to  assure  that  the  true 
key  species  are  identified  and  protected. 

The  limiting  factor  approach  does  not  consider  a combination  of 
herbivores  directly.  Rather,  the  manager  must  decide  on  a system  of 
priorities  for  the  animal  species  under  consideration  (Jensen  1981).  The 
manager  can  allocate  forage  within  a safe  level  but  can  not  determine  an 
optimal  combination  of  herbivores  with  respect  to  maximizing  the  forage 
grazed.  With  an  increase  in  the  number  of  herbivores  being  considered,  use  of 
this  method  means  that  the  assigned  allocation  priorities  must  become 
increasingly  more  arbitrary.  The  limiting  factor  apporach  is  best  suited  to 
estimating  the  carrying  capacity  for  the  single  season  case  only. 

Perhaps  the  first  to  address  corrmon  use  and  consider  all  of  the  forage  at 
the  same  time  were  Van  Dyne  and  Rebman  (1967).  Their  linear  programming 
model,  implemented  in  a bio-economic  context,  considered  cattle,  sheep,  goats 
and  deer  grazing  grasses,  forbs  and  browse.  Constraints  were  used  to  limit 
the  impact  of  the  various  herbivores  on  the  vegetation.  The  optimization 
formulation  solved  for  the  number  of  herbivores  of  each  species  that  maximized 
monetary  returns. 


Connolly  (1974)  also  applied  linear  programming  to  maximize  range 
utilization.  This  model  was  formulated  to  maximize  the  forage  grazed  subject 
to  forage  availability  constraints  which  incorporated  allowable  use  factors. 
His  approach  represents  the  first  optimization  model  that  was  directly 
concerned  with  common  use  and  al!  of  the  forage  species  with  respect  to  range 
utilization.  Although  the  model  used  just  two  animal  species,  it  may  be  used 
to  consider  any  number  of  animal  or  forage  species. 

Van  Dyne  (1  978)  presented  a quadratic  programming  formulation  for  four 
animal  species:  cattle,  bison,  sheep,  and  pronghorn.  This  objective  function 
was  formulated  as  a least  squares  model  to  minimize  the  difference  between  the 
available  herbage  and  the  grazed  forage.  The  formulation  placed  greater 
emphasis  on  utlizing  the  more  abundant  forage  species  than  did  the  linear 
model  of  Connolly  (1974).  The  mode!  determined  the  optimal  combination  of 
herbivores  in  terms  of  percent  grazing  load  with  knowledge  of  percent  herbage 
composition  and  range  utilization. 

The  most  quantitative  method  of  forage  allocation  to  be  implemented  thus 
far  by  decision  makers  is  perhaps  the  iineear  programming  model  of  Martinson 
(1981).  The  model  is  formulated  to  maximize  the  total  forage  grazed 
throughout  a Bureau  of  Land  Management  allotment.  The  objective  function  is 
subject  to  plant  maintenance  constraints  which  insure  that  grazing  does  not 
exceed  a forage  species'  allowable  use  factor.  There  are  other  plant 
maintenance  and  resource  use  constraints  as  well  as  those  imposed  by 
management  considerations.  These  latter  set  upper  and  lower  bounds  on  animal 
numbers  at  the  allotment  level. 

The  following  chapters  detail  a set  of  optimization  models  which  address 
the  problem  of  forage  allocation.  The  first  chapter  presents  the  concepts  and 
formulations  of  these  models.  The  second,  third,  and  fourth  chapters  address 
specific  biological  variables  that  are  thought  to  be  integral  components  of 
the  optimization  formulations.  These  are  proper  use  values,  forage  intake 
rates,  and  botanical  composition  of  large  herbivore  diets,  respectively.  The 
fifth  chapter  discusses  preference  for  forage  species  and  the  inclusion  of 
that  variable  in  an  optimization  framework.  The  final  chapter  reports  on  the 
results  yielded  by  the  models  presented  in  the  first  chapter. 

The  editors  feel  that  the  first  and  last  chapters  offer  a.  means  of 
studying  forage  allocation  with  a variety  of  mathematical  formulations.  The 
intervening  chapters  present  material,  derived  primarily  from  the  scientific 
literature,  is  of  a more  biological  (rather  than  mathematical)  nature  and  is 
of  interest  to  managers  without  the  optimization  models.  It  is  hoped  that  the 
conclusions  and  summaries  presented  herein  will  stimulate  discussion  and 
research  within  and  among  natural  resource  management  agencies. 
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CHAPTER  A 


CONCEPTS  AM)  FORMULATION  OF  ALTERNATIVE 
OPTIMIZATION  MODEL  STRUCTURES 


ABSTRACT 


The  purpose  of  grazing  allocation  optimization  models  is  to  maximize  the 
utilization  of  range  forage  production,  subject  to  biological  and  other 
management  constraints.  This  chapter  focuses  on  the  logical  development  of  an 
objective  function  and  constraints  for  several  formulations  of  optimization 
models.  Deterministic  forms  include  linear  and  quadratic  models  with  weighted 
and  nonweighted  versions.  The  stochastic  versions  of  the  aboye  deterministic 
formulations  are  presented  through  use  of  chance-constraints  and  adjoined 
penalty  functions.  Alternative  means  of  dealing  with  uncertainty  are 
presented  in  a discussion  of  stochastic  dynamic  programming  and  linear 
p r og r anm i ng  under  uncertainty.  Several  algorithms  for  optimization  models  are 
available  and  are  discussed  relative  to  the  various  forage  allocation  model 
formulations  developed  in  this  chapter. 
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1.0  INTRODUCTION 


In  the  last  decade,  various  methods  have  been  proposed  for  determining 
range  forage  allocation  schemes  for  native  and  domestic  herbivores  on 
g raz  i ng  I ands  . Goals  in  these  proposed  management  schemes  range  from 
maximizing  profit  of  differing  livestock  systems  to  making  full  use  of  the 
grazinglands  carrying  capacity. 

When  maximizing  profits  is  the  primary  concern  (Rogers  and  Peacock  1968, 
Pearson  1973),  the  focus  of  attention  is  on  forecasting  the  future  standing 
crop  through  a prediction  of  expected  precipitation  and  various  economic 
factors  of  livestock  management.  The  use  of  such  relationships,  as  uncertain 
as  they  are,  may  result  in  even  greater  uncertainties  in  the  future  welfare  of 
native  grazinglands  since  little  attention  is  given  to  the  biological  factors 
which  drive  the  economics  of  the  livestock  system. 

A more  biological  Interpretation  of  forage  allocation  by  Workman  and 
fVSacPherson  (1973)  attempts  to  measure  forage  accordingly.  Thus,  seemingly 
more  concern  is  put  into  maintaining  the  range,  but  the  total  lack  of 
biological  methodologies  in  determining  a carrying  capacity  do  little  to  help 
such  a management  scheme  protect  the  future  of  the  native  grazinglands,  than 
in  the  economic  scheme  mentioned  above.  In  fact,  a working  knowledge  of 
carrying  capacity  of  the  range  is  determined  by  the  above  authors  over  time  by 
trial  and  error  and  then  it  is  assumed  to  be  known  with  complete  certainty. 

in  order  to  consider  the  future  welfare  of  the  range  before  allocating 
it,  one  must  consider  the  dynamics  of  the  system  as  well.  The  degree  of 
utilization  and  preference  for  range  plants  by  large  herbivores  is  not  well 
understood,  nor  are  the  effects  of  grazing  on  various  plant  communities. 
However,  by  focusing  principally  on  the  biological  factors  of  the  system,  the 
future  state  and  welfare  of  the  range  can  be  made  more  certain  and  positive 
steps  can  be  taken  to  insure  that  there  is  always  an  adequate  supply  of  forage 
to  allocate. 

Ecological  problems  can  be  formulated  and  solved  by  mathematical 
reasoning.  The  concept  of  optimization  is  now  well  rooted  as  a primary  tool 
of  analysis  for  decision  or  allocation  problems.  Optimization  models  are 
mathematical  representations  or  abstractions  of  the  real  world.  By  no  means 
do  these  formulations  represent  the  only  possible  formulations  as  many 
different  versions  can  be  constructed  to  address  the  same  problem.  In  an 
optimization  model  the  decision  maker  seeks  the  values  of  unknown  variables  in 
an  objective  function.  The  decision  maker  seeks  to  minimize  (or  maximize)  the 
value  of  the  objective  function.  In  attaining  this  optimum,  the  unknown 
variables  can  not  be  selected  arbitrarily.  These  unknown  variables  appear 
singly  or  in  combination  in  one  or  more  constraint  relationships. 

Using  optimization  theory,  it  is  possible  to  approach  a complex 
decision-problem  of  allocating  range  forage  production  by  focusing  on  a single 
objective,  subject  to  constraints  of  minimizing  the  amount  of  allocated 
available  vegetation  left  after  grazing.  As  with  all  quantitative  techniques 
of  analysis,  each  particular  optimization  formulation  should  only  be  regarded 
as  an  approximation.  Certain  formulations  are,  of  course,  more  accurate  than 
others,  but  there  is  always  a trade-off  between  the  conflict  of  formulating  a 
model  which  is  sufficiently  complex  to  accurately  depict  the  problem  and 
formulating  a model  that  is  tractable. 
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The  purpose  of  the  grazing  allocation  models  considered  in  this  chapter 
is  to  maximize  the  utilization  of  range  forage  production,  and  is  presented  as 
an  optimization  problem.  The  twelve  models  presented  are  variations  of  four 
distinct  models:  (i)  linear,  non -weighted;  (ii)  linear,  weighted;  (iii) 

quadratic,  weighted,  least-squares  model,  and  ( i v)  the  deterministic 
equivalent  of  some  stochastic  versions  of  the  above. 


2.  DETERMINISTIC  FORMULATIONS 


The  following  sections  present  development  of  various  formulations  of  the 
mathematical  programming  problem.  They  range  in  complexity  from  simple 
(linear,  n o n-we i g h t e d , s i n g I e- s e a s o n ) to  complex  (nonlinear,  weighted, 
multiple-season).  The  reader  is  referred  to  Appendix  I for  a definition  of 
the  variables,  symbols,  and  notationa!  conventions  in  this  chapter  and  in 
Chapter  F. 


2.1  Li  near , Sing ie  Season  Model 


The  objective  of  the  problem  can  be  stated  as  minimize  the  amount  of 
available  forage  after  grazing  or: 


MIN  [A  - G] 
where  A > G 


(1) 


and,  A represents  the  total  amount  of  plant  material  available  and  G repre- 
sents the  total  amount  of  plant  material  grazed.  Since  we  must  consider  a 
number  of  herbivore  species  as  well  as  a number  of  plant  species  or  functional 
plant  groups,  expression  (1)  is  expanded  to: 


Q F 

MIN  [Z  a.  j - Z x j -Rj  j ] (2) 

i j 

where  a j represents  the  total  amount  available  of  plant  group  i (1  = 1 to  Q) 
in  kilograms  of  biomass,  Xj  represent  the  unknown  decision  variables  of  herbi- 
vore species  j and  Rj j represents  the  total  grazing  rate  requirements  of  her- 
bivore species  j for  plant  species  i in  terms  of  kilograms  per  animal  of 
vegetation  biomass  (j  = 1 to  F)  . 

Further,  consider  that  the  total  mass  of  plant  material  available  for 
grazing  (A)  is  made  up  of  the  standing  crop  available  from  last  season  (S),  an 
additional  gain  in  the  standing  crop  (G),  where  both  S and  G are  in  kg’ha"^ 
and  a proportional  loss  due  to  decay,  trampling,  and  shattering  (L).  The 
forage  available  is  further  constrained  in  order  to  allocate  only  the  level  of 
allowable  use  (U)  of  each  specific  plant  group.  Finally,  the  total  biomass 
available  is  determined  by  multiplying  density  of  herbage  available 
(kg’ha-1)  times  the  number  of  hectares  (H)  so  that  A of  (1)  may  be  represented 
a s : 

Q 

A = E H-u j ( s j + g j ) (1  - I j ) . (3) 

i 


The  total  grazing  requirement  for  each  herbivore  (R)  is  made  up  of  the 
herbivore's  daily  consumption  (or  intake  rate)  (C),  in  terms  of  kg* day"1,  and 
the  preference  of  each  herbivore  j for  each  specific  plant  group  i,  a 
proportion  that  sums  to  one  over  all  plant  species  or  plant  groups.  The  daily 
grazing  requirement  is  then  multipled  by  the  total  number  of  days  (t)  so  that 
the  term  to  the  right  of  the  minus  sign  in  equation  (2)  becomes: 
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F F 

Z Xj-Rjj  = t Z x|-  cj*  Djj.  (4) 

i i 

Combining  the  expanded  expressions  (3)  and  (4),  the  objective  function  is: 

Q F 

MIN  [Z  (H*  u j ( s | + g j ) ( 1 -I i ) - t Z x j • c j * D j j ) ] . (5) 

« J 

The  aspect  of  seasonality  may  now  be  included  in  the  model  development. 


2.2  Linear,  Multiple  Season  Model 

This  model  is  essentially  the  same  as  the  s i ng I e-seas on  model  except  each 
term  is  allowed  to  vary  seasonally.  The  shorthand  equation  is: 

Q N F 

MIN  [Z  E (Aik  - E Xjk-Rijk)]  (6) 

i k j 

where  k is  the  number  of  seasons  and  the  other  variables  are  the  same  as  in 
equation  (2). 

In  the  multiple-season  model,  the  standing  crop  ( S j k ) , is  treated  as  a 
decision  variable  (actually  a state  variable),  much  the  same  as  the  number  of 
herbivores  (Xj^).  This  is  necessary  so  that  the  model  may  allocate  the  entire 
remaining  standing  crop  after  grazing  at  the  end  of  one  time  increment  to  the 
initial  standing  crop  of  the  next  time  increment  (Sj  k+1 ) 9 This  allocation  to 
the  range  is  forced  by  the  appropriate  constraints  (see  Section  2.5).  For 
consistency  and  greater  ease  in  comparing  different  model  formulations,  the 
standing  crop  is  considered  as  a decision  variable  in  the  single-season  models 
as  well  as  the  multiple-season  models.  Since  the  standing  crop  (S)  is  a 
function  of  itself  and  the  herbivores  (X)  of  the  previous  season,  it  may  be 
expressed  in  terms  of  the  herbivores  and  r e s u b s t i t u t e d back  into  the 
formulation  so  that  (S)  the  standing  crop  drops  out  of  the  objective  function. 
This  is  advantageous,  since  it  cuts  down  on  the  number  of  decision  variables 
being  calculated  in  the  deterministic  models.  Substitution  becomes  a 
necessity  in  the  stochastic  models  since  S becomes  a random  variable  and 
random  varibles  are  not  permissible  in  an  objective  function.  The  standing 
crop  may  then  be  solved  for  after  the  herbivores  (x)  are  calculated. 

A further  refinement  of  the  overal!  deterministic  model  formulation  is 
discussed  next. 


2 . 3 Quadrat i c Mode  I s 

Since  the  botanical  composition  of  a herbivore's  diet  often  reveals  a 
strong  preference  for  rare  plant  species,  a greater  emphasis  on  allocating  the 
major  forage  species  can  be  placed  in  the  formulation  by  squaring  the 
deviations  or  difference  terms  in  the  objective  function: 


9 


Q N F 

MIN  [ Z I (H'U  j k(S  j k + G j k ) ( 1 - L j k ) - tk  2 Xjk°C|k-Pi jk)2].  (7) 

i k | 

This  way,  when  the  proportional  composition  of  a herbivore's  diet  differs 
appreciably  from  the  proportional  composition  of  the  range,  it  causes  the 
value  of  the  objective  function  to  change  quadrat  I cal  1 y;  it  changes  linearly 
in  the  previous  linear  formulations  of  (5)  and  (6),  Thus,  in  order  to 
minimize  the  objective  function  (7),  greater  importance  is  placed  on  selecting 
herbivores  whose  diets  are  proportionally  more  in  balance  with  the  dominant 
available  forage  species  or  groups. 

This  formulation  is  similiar  to  a least  squares  regressions  model  in  that 
the  square  of  the  differences  between  available  and  utilized  forage  is 
minimized.  A least-squares  method  is  used  to  choose  m and  b to  minimze  the 
sub-2  vector  norm: 


1 1 y 1 1 2 ~ MIN  [ | | yk  - mxk  + b |2] 

where  y^  represents  the  k**1  observation,  m is  the  slope  of  the  line  and  b is 
the  y intercept.  It  is  used  in  regression  models  because  the  optima!  solution 
of  the  two  unknowns,  m and  b,  can  be  solved  through  two  simultaneous  equations 
without  the  need  of  costly  matrix  manipulations.  Yet,  it  is  general  enough  to 
use  for  a variety  of  curves  and  particularly  applicable  to  data  with  a great 
deal  of  error.  However,  in  the  forage  allocation  optimization  problem,  the 
second  order  formulation  of  (7)  greatly  increases  the  complexity  of  the  model 
by  making  it  nonlinear  and  appreciably  more  difficult  to  solve  by  requiring 
specially  formulated  algorithms. 

The  quadratic  model  is,  however,  an  excellent  way  to  smooth  out  the 
functional  objective  in  a multi-season  model.  For  example,  a linear 
multi-season  mode!  might  find  that  the  functional  objective  function  can  be 
minimized  by  allowing  its  entire  value  or  discrepancy  between  available 
herbage  and  utilized  forage  to  occur  all  at  once  in  one  of  the  seasons. 
Certainly  such  results  are  not  realistic.  By  use  of  the  quadratic  mode!  the 
functional  objective  value  can  spread  out  over  all  seasons  making  the  results 
of  such  a model  more  applicable  even  though  the  magnitude  of  the  objective 
function  may  be  considerably  larger. 

Another  method  of  smoothing  the  objective  function  while  still  retaining 
the  simplicity  of  the  linear  model  is  presented  below.  This  is  to  minimize 
the  largest  absolute  value  of  the  objective  functional  over  ail  seasons 
expressed  as: 

Q N F 

MIN  [ MAX  [I  £ E A j k - 2 X j k * R j j k | ]]  <=>  MIN  Q' 

1 < k <3  i k j 

subject  to  tv/o  additional  constraints  unique  to  this  smoothed  formulation, 
which  are  as  foil ows : 
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F 

^ i k ' Q 1 £ ^ ^ j k ^ i j k 

j 

F 

Ajk  “ Q 1 £ E ^ j k * R i j k * 
j 

The  deterministic  mode!  formulation  may  now  be  weighted.  This  is 
considered  in  the  next  section. 


2. 4 Weighted  Objective  Functions 

In  the  linear  and  quadratic  models  discussed  above,  the  objective 
function  makes  no  distinction  between  allowing  a difference  between  available 
herbage  and  grazed  forage  to  occur  in  either  major  or  minor  plant  groups. 
However,  it  may  be  preferable  to  allow  such  differences,  when  they  happen,  to 
occur  in  the  minor  rather  than  the  major  plant  groups.  This  can  be 
accomplished  by  weighting  the  objective  function  components  with  the  allowable 
available  herbage.  This  way  when  a difference  must  occur  between  an  available 
plant  group  and  its  respective  grazing  requirement,  the  objective  function  is 
penalized  less  for  allowing  a difference  to  occur  in  the  minor  plant  groups  as 
compared  to  the  more  dominant  ones.  The  weighting  function,  Wjj,,,  is: 

wik  = Uik  (sik  + Gj  k)  (1  - Ljk)  (8) 

which  is  a function  of  the  available  herbage,  Aj^,  without  the  constant  H. 

The  use  of  such  a weight  function  (8),  which  is  proportional  to  the 
allowable  available  herbage  of  each  plant  group,  promotes  an  increased  usage 
of  the  major  plant  groups.  Previously,  a difference  existed  between  the 
available  and  grazed  plants  in  the  absence  of  weighting.  The  degree  of 
difference  in  utilization  of  the  major  plant  groups  as  a result  of  weighting 
is  a function  of  the  range  of  values  of  the  weighting  function.  The  range  of 
the  function  corresponds  to  the  difference  between  its  largest  values,  the 
value  associated  with  the  dominant  plant  group,  and  the  smallest  value,  or  the 
value  associated  with  the  most  minor  plant  group.  The  weighting  function  (8) 
is  perhaps  the  simplest  possible,  and  represents  a proportional  range  of 
values,  for  its  range  is  directly  proportional  to  the  range  of  availability  of 
the  plant  groups.  This  simplest  weighting  function  is  also  the  most  logical 
choice  for  the  decision  maker  for  it  places  greater  emphasis  on  util izing  the 
most  abundant  plant  groups.  If  the  function  (8)  proved  not  to  be  effective, 
the  range  utilization  may  be  increased  through  the  use  of  a quadratic  or 
exponential  weighting  function  such  as: 

(Wik)2  = (Uik  (S,k  + G,k)(1-  L|k))2  (9) 

o r : 

eWik=eUik(Sik  + Gik)(1-Lik)8  (10) 

These  alternative  weighting  functions  can  result  in  quadratic  and  exponential 
increases  in  the  range  of  the  weighting  function  over  the  proportional 
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weighting  function  (8).  These  weighting  functions  all  resuit  in  considerably 
greater  utilization  of  the  major  plant  groups  if  such  plant  groups  are  not 
being  already  utilized  fully  or  to  a degree  satisfactory  to  the  resource 
man  ager . 

This  management  tool,  the  weighting  function  (8),  has  a cost  associated 
with  its  use.  Namely,  the  benefit  of  the  tool  as  seen  through  increased  usage 
of  the  major  plant  groups  is  associated  with  a decrease  in  overall  utilization 
in  all  plant  groups  combined.  This  decrease  in  overall  utilization  of  the 
available  herbage  has  an  uncertain  effect  on  the  resulting  change  in  animal 
numbers.  Total  animal  numbers  may  increase  or  decrease.  Such  a change  in 
animal  numbers  is  a function  of  their  diet  preferences  and  intake  rates.  It 
Is  important  to  note  though,  that  a decrease  in  overall  utilization  of  herbage 
as  a result  of  weighting  the  objective  function,  must  necessarily  result  in  a 
decrease  in  the  total  number  of  animal  unit  equivalents  in  contrast  to  animal 
numbers.  However,  total  animal  numbers  may  be  increased  as  a result  of  a 
larger  increase  in  say  pronghorn  antelope  over  that  of  a corresponding 
decrease  in  bison;  the  total  number  of  animal  unit  equivalents  has  decreased. 

The  bounds  within  which  the  objective  function  formulations  may  operate 
must  be  established.  These  constraints  are  discussed  in  the  next  section. 


2.5  Constraints 


Five  types  of  constraints  are  used  in  the  model. 

The  first  constraint  insures  that  tractable,  non-negative  solutions  are 
calculated.  An  example  would  be  in  placing  a,  bound  on  the  herbivore  decision 
variables,  or  : 


Bjk  i xjk  i ZjK  (11) 

The  system  of  constraints  in  (11)  yields  2*F*N  constraints,  where  F and  N cor- 
respond to  the  maximum  values  assigned  to  j and  k,  respectively. 

A second  constraint,  used  in  the  seasonal  models,  prohibits  seasonal 
increases  in  herbivores  to  guard  against  untract  able  solutions  that  would 
require  transporting  herbivores  from  one  area  to  another: 

x j k 1 x j ( k+1  ) 0 2 ) 

which  results  in  an  additional  F°(N  - 1)  constraints.  Since  herbivore  re- 
quirements as  well  as  available  herbage  may  vary  considerably  from  season  to 
season,  the  system  of  constraints  in  (12)  would  be  primarily  responsible  for 
major  differences  between  the  allowable  available  herbage  and  the  grazed 
forage.  In  some  instances,  as  when  reproduction  occurs,  this  constraint  would 
be  relaxed. 

A third  constraint  represents  the  Law  of  Conservation  of  Mass,  or  a state 
biomass  balance  equation  for  the  multiple-season  models.  It  is  expressed  as: 

F 

s i ( k+1 ) = H ( s i k + Gik)(1  - Ljk)  " *k  E Xjk  cjk  Dijk* 

j 


(13) 
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!t  simply  requires  the  model  to  allocate  all  of  the  remaining  herbage  of  each 
plant  group  after  grazing  in  season  k to  the  initial  standing  crop  (S)  of 
season  k+1.  Recall  that  the  standing  crop  (S)  is  also  a decision  variable  as 
are  the  herbivores  (X)  and  that  each  must  be  calculated.  The  system  of 
constraints  (13)  yields  Q*(N-1)  constraints,  where  Q and  N correspond  to  the 
maximum  assigned  values  of  i and  k,  respectively. 

A fourth  constraint  is  incorporated  into  the  model  framework  to  help 
maintain  the  site.  It  is: 

Q F 

Mk  i Z (H(Sik  + Gik>0  - Ljk)  - tk  Z Xjk*Cjk*Djjk)  > 0.  (14) 

i i 

The  system  of  constraints  (14)  insures,  within  the  confidence  of  the  estimated 
and  predicted  parameters,  that  the  land  will  have  at  least  a specified  minimal 
level  of  herbage  (M^)  after  grazing  has  occured  in  the  k ’ season.  The  sys- 
tem of  equation  (14)  yields  N constraints,  corresponding  to  the  range' of 
seasons  ( k ) . 

A fifth  constraint  insures  that,  within  the  confidence  of  the  parameters, 
overgrazing  cannot  occur  on  the  range.  It  is  a necessary  constraint  because 
the  gain  in  standing  crop  (G)  drops  out  of  the  objective  function  since  it  is 
not  a function  of  either  of  the  decision  variables  (S)  or  (X).  The 
overgrazing  constraint  is  expressed  as: 

F 

N * U j k ( S j k + G j |< ) ( 1 - L^)  t^  £ X j k ° C | k ° ^ j j k • 0^) 

j 

The  system  of  equations  (15)  yields  Q*N  constraints  corresponding  to  the  num- 
ber of  plant  groups  and  season  respectively. 

The  various  systems  of  constraints  (11),  (14),  and  (15)  yield  for  the 
single-season  model  a range  of: 

(Q  + 1 ) to  (Q  + 2*F  + 1 ) 

constraints.  There  are  T + Q decision  variables.  The  system  of  constraints 
(11),  (12),  (13),  and  (14)  yield  for  the  multiple- season  models: 

( (F  + Q + 1 ) * N)  + (Q  * (N  - 1 ) ) 
t o 

( (3  • F + Q + 1 ) * N)  + (Q  3 (N  - 1 ) ) 


constraints. 

A simmary  of  the  deterministic  model  formulations  and  deterministic 
constraints  is  presented  in  Table  A1 . 

The  Fundamental  Theorem  of  Linear  Programming  (Luenberger  1973)  states 
the  optimal  solution  is  such  that  the  nimber  of  decision  variables  minus  the 
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Table  A1 . Surmtary  of  deterministic  model  formulations  and  deterministic  constraints. 


Ob  j ect i ve  Funct i ons 


Model 

Model  Description 

Cons t ra i nts 

1 

Linear  (Exponent=l ) » 

Single  season 

(N=l),  Non-we i ghted 

Wik 

= i 

IV, 

V 

2 

Linear  (Exponent=1 ) , 

Single  season 

(N=l),  Weighted 

w!, 

i k 

= weight 

funct i on 

IV, 

V 

3 

Linear  (Exponent=1 ) , 

Multiple  season 

(N>1),  Non-weighted 

w!, 

i k 

= 1 

1 I , 

III,  IV, 

V 

A 

Linear  (Exponent3! ) , 

Multiple  season 

(N>1 ) , Wei ghted 

W-L 

= weight 

funct ion 

1 1 , 

III,  IV, 

V 

5 

Quadratic  (Exponent=2) , 

Multiple  season 

(N>1 ) , Non-wei ghted 

w!, 

l k 

= 1 

1 * 

1 1 , 

III,  IV, 

V 

6 

Quadratic  (Exponent=2) , 

Multiple  season 

(N>1),  Weighted 

wi, 

i k 

= weight 

funct i on 

* 9 

1 1 , 

III,  IV, 

V 

Shorthand  Formula  MIN[z  (E(A.  ^ ~ £ P • W.^] 


Expanded  Formula 


Q N 

min[e(e(h*u 
i k 


ik'hk 


sik)(1 


L. 


ik' 


jk  jk  ijk' 


. Exponent 


where  W.  ^ or  the  weight  function  = U.^(S.^  + G.^)(1  - L.^) 


Constrai  nt  Cons  tarits 

B = Minimum  allowable  number  of  herbivore  j at  stage  k 
Jk 

Z.,  = Maximum  allowable  number  of  herbivore  j at  stage  k 
J k 

M^_  = Minimum  allowable  plant  herbage  remaining  after  grazing  of  stage  k (kg) 


Deterministic  Constraints 


8jk  - Xjk  - Zjk 


II  X.,  > X.  , 
jk  - j (k+1 ) 


S.  „ ,,  = H (S . . + G. , ) ( 1 - L. . ) - t|<  £ X.  •C.-D... 

i ( k+ 1 ) ik  ik.  ik  _ . jk  jk  ijk 

H J 


lv  (H(sik  + Gik)(1  - Lik)  - ci<  j xjk*cjk"°ijk) 


V H*U . , (S  . , + G.  ) ( 1 - L..)  > £ X..  • C.,  • D. 

ik  ik  ik  i k — . jk  jk  ijk 


Reasonable  stocking  limits  ( 2 " F "N  constraints 
poss i bl e) 

No  seasonal  increase  in  herbivores  (F*  (14— T) 
constrai nts) 

Biomass  balance  equation:  remaining  standing 
crop  of  last  season  is  fully  realized  in  next 
season  (0  • (N  — 1 ) constraints) 

Site  maintenance  constraint  (k  constraints) 


Overgrazing  constraint  (Q.“N  constraints) 


Model  Coefficient  Description 


Shorthand  Formulae 

A = Total  allowable  available  herbage  of  plant  group  i at  beginning  of  stage  k 
i k 

X.,  = Total  number  of  herbivore  j during  stage  k 

jk 

R = Total  grazing  requirement  of  herbivore  j"  for  plant  group  i during  stage  k 
ijk 

lubscr i pts 

i = plant  group  1 to  0 (5) 
j = herbivore  species  1 to  F (A) 
k = stage  1 to  N (A) 


Expanded  Formu 1 ae 


U. 


ik 


ik 


G. 


ik 


L. , 


Cjk 
°i  jk 


= Allowable  use  of  plant  group  i at  stage  k (a  proportion) 

= Standing  crop  to  be  solved  for  of  plant  group  i at  beginning  of  stage  k (kg  ha 
= Additional  gain  in  the  standing  crop  of  plant  group  i during  stage  k (kg  ha  ) 

= Loss  in  standing  crop  of  plant  group  i during  stage  k (a  proportion  of  S.^) 

= Land  area  in  hectares  (ha) 

= Consumption  rate  of  herbivore  j during  stage  k (kg  d ') 

= Relative  preference  of  herbivore  j for  plant  group  i during  stage  k (proportion 
= Number  of  days  in  stage  k (d) 


) 


number  of  constraints  is  equal  to  the  number  of  zero-valued  decision 
variables.  Thus,  the  seemingly  large  number  of  constraints  is  required  to 
insure  that  the  model  allocates  to  all  the  herbivores  on  the  range. 

Since  many  of  the  variables  used  in  the  model  formulations  above  have  a 
distribution  with  a mean  and  a variance,  the  variance  about  the  mean  needs  to 
be  incorporated  into  the  formulation.  With  the  mean  and  variance  (or 
covariance)  so  included,  the  element  of  chance  becomes  important.  This  topic 
is  discussed  in  the  next  section. 


3.0  STOCHASTIC  FORMULATIONS 


Through  use  of  chance  constraints  formulation  (Charnes  and  Cooper  1959, 
1962)  the  level  of  probability  at  which  the  constraints  are  satisfied  may  be 
set.  The  genera!  chance  constrained  model  is  expressed  as  : 

MINIMIZE  f [ c T , x ] 

(16) 

subject  to  P[A  x < b]  _>  j 

where  the  unsubscr i pted  P is  the  probabiiity,  «j  is  a vector  of  specified 
probabilities,  superscript  T refers  to  the  transpose  of  the  vector  or  matrix, 
and  some  or  all  of  the  elements  in  A,  b,  and  c are  random  variables.  The 
s i ng! e=season  model  constraint: 

N 

P[  I A j j • x j < b | ] > a,  (17) 

I 

means  that  it  may  be  violated  some  of  the  time,  but  it  can  be  violated  at  most 
100(1-cXj)%  of  the  time.  In  this  approach,  the  "exact11  or  deterministic  con- 
straints  are  replaced  by  their  probabilistic  counterparts.  Equation  (16) 
might  be  considered  a poor  model  if  the  constraints  are  permitted  to  be 
violated  even  a very  sma !!  percentage  of  the  time.  Some  would  argue  that  the 
cost  of  violating  a constraint  should  be  incorporated  directly  into  the 
objective  function  in  the  form  of  a loss  or  penalty  function  (See  Section 
3.3).  Since  it  is  often  extremely  difficult  to  quantify  a.  priori  the  cost  of 
failing  to  satisfy  a given  constraint,  one  must  generally  be  content  with  a 
probabilistic  confidence-type  statement  of  the  constraint  as  shown  above  in 
(17).  Chance-constraints  represent  "intentions"  or  policies  of  management 
rather  than  "hard-and-fast"  rules.  Thus,  they  represent  the  bounds  within 
which  management  would  like  to  operate  "most  of  the  time"  rather  than  "all  of 
the  time"  (Kirby  1970). 

3 . 1 F o rmu  ]_aj  S on  o_f  Chat  nee  Constraints 

The  procedure  of  chance  constrained  progr  amrrsi  rag  is  to  reformulate  the 

p r ob I em: 


OPTIMIZE  f[cT,x] 

a.  'Xj 

subject  io  P[A  x < b]  > (18) 

^ 'Xj  <\> 

x > 0 

a. 

to  a deterministic  equivalent  by  converting  the  constraint  into  legitimate 
linear  programming  constraints  (Bracken  and  McCormick  1968;  Charnes  and  Cooper 
1963;  Hahn  and  Shapiro  1967;  Hiller  and  Lieberman  1967;  Meier  et  al.  1973). 

Assume  that  for  the  ith  constraint  the  A j j 1 s are  independent  normal  ran- 
d om  variables  with  means: 
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and  var i anc  e s : 


VAR  [ A j -|  ] , . . . . VAR  [ A j n ] . 
Then  the  i 1 ^ constraints'  mean  is: 


F 

Uj  = Z A; j *X| 

j 

which  is  normally  distributed  with  a variance: 


F 

VAR [ u | ] = E VARfA j j ] * Xj2. 

j 


Subtracting  and  dividing  both  sides  of  the  constraint  by  the  mean 
variance  (20)  respectively  the  constraint  becomes: 


Z Ajj-Xj  - u, 

j 


bj  - u 


(VAR  [ u E*  ] ) ^ / 2 { VAR [ u j ] ) 1 / 2 

Since  the  Ajj's  are  assumed  to  be  normally  distributed,  the  term: 


> a. 


F 

E Aij  *Xj  - u 

1 

(VAR [ u j ] j1  /2 


is  normally  distributed  with  a mean  of  zero  and  variance  of  one.  Th 
that: 


P [ A j j * x j £ bj] 


CDF 


(VAR [ u j ] J1  /2 


where  CDF  represents  the  Cumulative  Distribution  Function  of  the 
gaussian  distribution. 


Let  Kcij  be  a standard  normal  value  such  that: 

CDF(Kcu  ) = « j 


then  the  statement: 


F 

P[E 

j 


A* 


l l 


xj  1 


b : ] > 


a 


(19) 

(20) 

(19)  and 


is  means 

(21) 

standard 

(22) 


(23) 
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is  realized  if  and  only  if: 


— Ka  j • 

(VAR[isi])1/2  ■ 


(24) 


This  yields  the  following  nonlinear  constraint: 


F 


A; 


j-Xj  + Ka j (z  VAR[Ajj]  • Xj2)1/2  < b. 


(25) 


which  is  the  deterministic  equivalent  to  the  constraint  of  (18).  If 


F 


(z  VAR[A j j ] • 


X ; 


where  SE  is  the  standard  error,  then: 


F 

£ Au  xj  i bi  - *i 


(26) 


and  the  original  stochastic  problem  (18)  with  the  chance  constraint  (25)  has 
the  deterministic  equivalent  of: 


Uncertainty  in  the  b vector  can  also  be  chance  constrained  under  the  same 
argument.  Its  components  are  assumed  to  be  normally  and  independently 
distributed,  with  a known  mean  bj  and  variance  VAR [ fo  = ] (Kirby  1970).  Even 
with  the  simplifying  assumption  that  random  variables  are  mutually  inde- 
pendent, the  structure  of  the  constraints  is  redefined  from  that  of  a linear 
structure  to  one  of  nonlinear  structure  (27),  yet  the  objective  function  is 
still  linear.  This  increases  the  complexity  of  the  problem  as  well  as  the 
time  required  to  solve  it. 

As  an  example  of  how  a deterministic  constraint  is  transformed  into  a 
chance  constraint,  the  overgrazing  chance  constraint  system  is  developed 
below.  The  deterministic  model  assures  that  overgrazing  cannot  occur  only 
within  the  model,  for  the  model  assumes  that  all  the  variables  are  known  with 
complete  certainty.  To  account  for  this  type  of  uncertainty,  a system  of 
overgrazing  chance  constraints  that  utilizes  the  means  and  variances  of  these 
random  variables  is  derived  from  the  deterministic  system  of  constraints  (15). 
The  system  of  overgrazing  chance  constraints  is  expressed  as: 


OPTIMIZE  F ( cT,x ) 

'a. 


(27) 


subject  to  Ax  < b - v 

' % Of  — a-  Op 


x > 0 
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H Uik(Sik  + Gik)(1  - Llk)  - k(j  ( ( H Sik)2  • VAR[Ujk])1/2 
kUG(H2  • VAR[Uik-Gik] l1/2  - kUL((H  Sik)2  • VAR[Ujk*Likl ) 1 / 2 


kuQLtn2  • VAR[U ik*Gjk*Lik]  > tk  Z Xjk-Cjk-Dijk 


F 


(28) 


+ kCD((tk‘Xjk)2  ‘ VAR [Cjk"Dj  jkl ) ^ /2 


where  ky,  kyy,  kyQ,  kyy,  kygy , and  kyp  in  (28)  are  constants  of  standard  nor- 
mal deviates  and  represent  the  level  of  probability  or  the  (1  - a j ) fractiie 
that  the  constraint  will  be  satisfied  on  the  rangeland. 


It  may  be  unreasonable  to  assume  the  simplifying  assumption  that  the 
Aj j 1 s are  mutually  independent.  Consumption  by  a herbivore  may  not  be  inde- 
pendent of  its  preference  for  a plant  group  just  as  the  standing  crop  may  not 
be  independent  of  an  additional  gain  in  the  standing  crop  or  even  a loss  due 
to  decay,  trampling,  or  shattering.  In  fact,  such  assumptions  are  certainly 
violated  and,  therefore,  any  statistical  confidences  associated  with  the 
constraints  are  less  certain  than  what  one  could  directly  infer. 

In  such  cases  where  there  are  significant  non-zero  covariances,  they 
should  be  incorporated  in  the  chance  constraint  formulation.  Consider  then 
the  problem  of  dependent,  multivariate,  and  normal  A j | * s (see  notation  con- 
ventions in  Appendix  I;  the  following  discussion  uses  standard  statistical  and 
optimization  notation).  For  convience  we  use  matrices  and  vectors  to  define 
the  random  variable: 


3.2  Multivariate  Distributions 


- (Ai1 


f • • • } 


(29) 


the  distribution  of  which  has  a mean  of: 


a : 

n,  1 


= (An 


9 •••  9 


(30) 


and  variance: 


(31) 


Then,  let  the  i**1  constraint  be  defined  as: 


(32) 


where: 


x 


(33) 
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The  random  variable  u,  is  normally  distributed  with  a mean 


u s = a : • x 
o,  0, 


(34) 


and  var  i ance 


VAR [ u : ] = x 1 • VAR [ a : ] 8 x. 


Oj 


o. 


o- 


(35) 


The  Ith  constraint  of  the  chance-constrained  programming  problem: 


P [ u j >_  b j ] >_  a 


(36) 


T* 

can  be  manipulated  as  in  the  previous  procedure  by  substituting  a;'*x  for  Z A:  ; 8x 

8 | u 


x p 

and  x‘»VAR[aj]*x  for  Z VAR[agj]x2  to  obta 


i n 


a :T*  x = K f(xT  • VAR [as]  * x)1/2  > b:.  (37) 


Of  course,  a "price"  must  be  paid  for  the  use  of  random  variables  in  the 
formulation  of  constraints.  That  price  is  discussed  next. 


3.3  P e nalty  Function s 


As  discussed  previously,  when  a constraint  has  a finite  non-zero 
probability  of  violation,  it  may  be  desirable  to  incorporate  the  cost  of 
violating  the  constraint  directly  into  the  objective  function  through  use  of  a 
penalty  function.  Such  a penalty  function  provides  a measure  for  adjoining  an 
additional  cost  of  violation.  Since  the  penalty  functions  are  non-linear,  an 
additional  source  of  non-linearity  is  introduced.  With  the  previous  chance 
constrained  formulation,  the  penalty  functions  may  be  introduced  for  violating 
the  chance  constraints  and  adjoined  to  the  expected  penalty  costs  as  an 
additional  term  to  the  original  objective  function  (Sengupta  1972). 

Consider  the  linear  constraint: 

e;  = aT*x  - b5  < 0 (38) 

where,  the  decision  vector  x has  to  be  chosen  before  the  actual  values  of 
A j j and  bg  are  known,  which  can  cause  in  actuality,  a non-zero  value  for  ej. 
Since  the  constraint  (38)  need  not  be  satisfied  exactly,  there  is  a penalty 
cost  of  K j • f ( e j ) . There  are  many  versions  of  the  penalty  function  that  can  be 
applied  here. 

The  most  biologically  significant  approach  would  be  to  incorporate  the 
mean  and  variance  of  eg  directly  into  the  objective  function.  Consider  that 
even  though  the  constraints  are  satisfied  within  the  model  to  prohibit 
overgrazing,  overgrazing  does  still  occur  in  actuality  because  the  demands  for 
forage,  availability  of  forage,  and  grazed  forage  are  not  a priori  known  with 
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complete  certainty.  Actually  then,  grazing  within  the  specified  limits  occurs 
only  Q of  the  time  instead  of  all  of  the  time,  or  overgrazing  occurs  (1-  Q)  of 
time.  As  a consequence  of  overgrazing  occurring  at  a level  e j for  plant  group 
i (1-Q)  of  the  time,  management  policy  would  incur  a penalty  cost  specified 
by  a penalty  function,  f(e,A,G).  This  way,  when  an  amount  ej  is  over- 
allocated in  a five-year  period  for  example,  the  penalty  function  would  allow 
management  to  allocate  0.2*ej  less  per  annum.  So,  perturbations  to  the  range 
system  through  overgrazing  at  times  can  be  compensated  for  at  other  times. 
Thus,  an  optimal  combination  of  herbivores  can  still  be  solved  for  based  on 
the  best  estimates  (expected  values)  of  herbivore  demand  and  available  forage. 
However,  estimating  the  amount  of  overgrazing  and  its  distribution  is  not  a 
trivia!  matter.  The  overgrazing  constraint,  used  in  the  c han c e- co  n s t r a i n ed 
formulations  (38),  can  be  expressed  as: 

F 

8 i = a i - s x : ° R j j £ 0 (39) 

j 

where  C|  is  the  degree  of  actual  overgrazing.  Adjoining  the  penalty  cost 
function  to  the  orginal  linear  or  quadratic  functional  of  the  chance- 
constraint  model,  gives  the  following  deterministic  nonlinear  program: 

Q N F 

MIN  [ S 2 (A|k  - K(H2  • VAR[ei])1/2  _ Z X . k * R , jk)]  (40) 

i k j 

subject  to  the  chance  constraints  in  the  following  section. 

The  constant  ^VARIABLES  'n  t*ie  chance  constraints  reflects  the  system's 
sensitivity  to  perturbation  through  overgrazing  and  is  inversely  related  to 
the  constant  K used  in  the  objective  function. 


3 . 4 Application  of  Chance  Constraints 

In  the  chance  constraint  formulations,  the  parameters  C,  G,  L,  D,  and  U 
are  considered  random  variables  while  t and  H are  constants  and  S is  in 
actuality  a random  variable.  It  is  used  as  a decision  variable  whose  value  is 
forced  by  a probabilistic  confidence  type  statement  within  the  constraints 
which  are  used  to  substitute  S out  of  the  objective  function. 

The  constraints  are  formulated  under  the  simplifying  assumption  that  the 
random  variables  are  mutually  independent  and  distributed  normally.  Such 
assumptions  are  not  biologically  supported,  however,  nor  is  there  sufficient 
data  to  specify  the  covariance  structure  between  consumption  or  preference  of 
a group  of  herbivores  and  a group  of  plants.  Knowledge  of  the  covariance 
structure  of  these  and  other  relationships  would  be  required  in  order  to  not 
assume  mutual  independence. 


The  expected  value  between  the  products  of  two  random  variables  is: 

E [Y * Z]  = E [ Y ] * E[Z]  + COV [ Y , Z ] (41) 
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where  E is  the  expectation  operator  or  mean  (Mood  et  a! > 1963;  Hahn  and 
Shapiro  1 967)  and  COV  is  the  covariance  operator  . An  approximation  to  the 
variance  of  their  product  is; 

VAR[Y  *Z  3 - E [Z ]2  " VAR[Y]  + EfY]  • VAR[Z] 

+ 2 EfY]  • E [Z ] • COVfY,  Z]  - (COV[Y,Z])2 

+ E [ (Y  - E[Y])2  ' (Z  - E[Z])2]  (42) 

+ 2 • E[Z]  • E[(Y  - EfY] ) 2 • (Z  - E[Z])] 

+ 2 • E [V]  • E [ (Y  — EfY] ) • (Z  - E[Z])2]. 

if  the  random  variables  are  mutually  independent,  then  the  CQV[Y,Z]  term  drops 
out  of  the  expected  value  expressions  in  (42),  and  the  variance  becomes 
precisely; 

VAR[Y’Z]  = E [Y ] 2 • VAR[Z]  + E[Z]2  * VAR[Y]  + VAR[Y ] 8 VAR[Z].  (43) 

It  would  appear  from  equation  (42)  that  the  variance  of  the  product  of 
two  random  variables  would  be  larger  as  a result  of  a covariance  structure. 
However,  this  is  not  generally  the  case.  Since  a known  covariance  structure 
is  also  used  to  determine  a more  accurate  mean  or  expected  value  of  the 
product  of  dependent  random  variables,  the  variance  of  the  mean  of  such  a 
product  is  usually  less  than  if  there  is  no  significant  correlation  between 
the  random  variables  as  in  equation  (43). 

In  general,  there  are  no  simple  exact  formulas  for  the  variance  of  the 
product  of  correlated  random  variables,  only  approximations.  Furthermore,  one 
can  readily  see  both  the  increased  complexity  and  increased  sources  of 
nonlinearity  which  are  added  to  the  formu lation  through  usage  of  a covariance 
structure.  Because  of  non-linearity  due  to  least  square  techniques  and 
accounting  for  uncertainty  in  random  variables,  specialized  solution 
algorithms  are  required  to  solve  these  formulations  iteratively  (Himmelblau 
1 972)  . 

A summary  of  the  stochastic  model  formulations,  the  chance  constraints 
and  variance  formulations  is  presented  in  Table  A2. 

A total  of  12  model  formulations  have  been  presented  in  Tables  A1  and  A2. 
Table  A3  is  a summary  of  model  types  and  mode  I component  s.  It  delineates  the 
objective  function  components  of  the  12  models  as  to  whether  they  are 
non-we i ghted  or  weighted  and  whether  they  are  linear  or  quadratic.  Those  with 
penalty  functions  are  also  shown.  Table  A3  also  denotes  those  constraints  for 
models  1 through  12  which  are  deterministic  or  stochastic  according  to  the 
seasonality  of  the  specific  mode!  formulation. 


3 . 5 Linear  Programming  Under  Uncertainty 

Chance  constraints  and  penalty  functions,  both  of  which  are  deterministic 
equivalents  to  a stochastic  problem,  are  not  the  only  means  to  account  for 
uncertainty.  A stochastic  linear  program  such  as  Linear  Programming  Under 
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Table  A2.  Summary  of  stochastic  model  formulations,  chance  constraints  and  variance  formulations. 


Ob ject i ve  Funct i ons 


Mode  1 


7 

: Linear 

(Exponent=l ) , 

Single  season 

(N=1), 

Without  penalty  function 

(K=0)  , 

Non-wei ghted 

(w 

{UI^ 

= i) 

8 

: Linear 

(Exponent= 1 ) , 

Multiple  season 

( N> 1 ) , 

Witn  penalty  function 

( K>0) , 

We i ghted 

= weiqht 

f unct  i on) 

9 

: Quadratic 

(Exponent=2) , 

Multiple  season 

(N>  1 ) , 

Without  penalty  function 

(K=0)  , 

Non-wei ghted 

(w  k 

= 0 

10 

: Quadratic 

(Exponents)  , 

Multiple  season 

( N > 1 ) , 

With  penalty  function 

( K>0) , 

Non-we i ghted 

(w  k 

= 1) 

11 

: Quadratic 

(Exponent=2) , 

Multiple  season 

(N>1) , 

Without  penalty  function 

( K=0)  , 

We i ghted 

(W  k 

= weight 

funct i on) 

12 

: Quadratic 

(Exponent=2) , 

Multiple  season 

(N> 1 ) , 

With  penalty  function 

(K>0) , 

Wei ghted 

(w!k 

i k 

= weight 

funct i on) 

All  models  use  constraints  I,  II,  I1IB,  1 VB , VB 


Shorthand  Formula 


Expanded  Formula 


Q N 

Ml N[Z (Z (A. ^ - K(S . k • VAR[e.])J  - 
i k 

0 N 

MIN[r(E(H(U.k(Sjk  + Gfk)  (1  - L.k) 

1 k 


*k  2 V ’ Rijk) 


Exponent 


W.,] 
i k 


K(S.k  • »«[.,))’  - tfc  I X 
J 


Cjk 


Dijk> 


Exponent 


where  the  weight  function  = U..  (S..  + G.,  ) (l  - L..  ) - K ( S . . 

i k i k i k i k i k 


VAR[e.])i; 


and  K is  the  (1 


a.)  fractile 

t 


e.  = penalty  function  variance  due  to  overgrazing  as  a result  of  uncertainty  in  the  random  variables  ( U . . , S.,  > G.,  > 

I I K I K I K 

C and  D.  . ,1 
jk  i jk 


L. 


ik 


Chance  Constraints 


",B  sKk*.)  ' H(sik  4 Gik>  ('  - Lik)  • - kL((sik>2  • “R['-ikTi  - VW^Sk  ’ Likl> 

'j  xjk  • cjk  • “ijk  4 kcp((tk  • xjk>2  • VARCcjk4  Dijk3)i) 


I VB 


Mk  i ?(H(Sik  + Gik)  (1  ■ Lik}  - kG(H2  * VAR£Gik^  - kL((H  . S.k)2  . VAR[L|k])4  - ^(H2  . VAR[G.  k • L.  kD : 


" <k(2  Xjk  ' Cjk  ' Dijk  * kCD<(tk  * Xjk>2  • “"tV 

m F " 4 Uik(Slk  4 Glk>  <’  - Lik>  " ku«"  ■ Sik>2  ' ^LU.,])4  - k (H2  • »AB[U.k-  G.kJ)J  - kuu((H  • S.,)2 

I 


VAR[uik  * Lik])i  - kuGL(H2  • VAR[L^  • ^ * G;  > *■,  1 • Di  n,  + krp^i,  • xik 


ik  ik  ikJ  -kjjk  jk  ijk  CP  k jk 


#,R[cik-Dijk])4> 


where  k^ , k^,  k^,  k^)  k^,  k , k^p  and  are  the  fract  i les  correspond!  ng  to  (1  - a.)  of  each  of  the  respective 

random  variables  or  their  products. 


Variance  Formul at i ons 


VAR[G.k-  L.J  = E[G.k]  VAR[L.k]  + ECL. R]  VAR[G.k]  + VAR[G.k]  • VAR[L. r] 

VARtCjk*  Dijk]  = EtCjk]  VAR[DijJ  + E[Dijk]  VAR[CjJ  + VAR[CjJ  • VAR[Dijk^ 

VAR[U j k * G j k]  = E[U.k]  VAR[G.k]  + E [ G . k ] VAR[U;k]  + VAR[U;i<]  • VAR[G?|.] 

VAR[U-k-  L.J  = E [ U . k ] VAR[L.k]  + E[L.  r]  VAR[U;)<]  + VAR[U.k]  • VAR[L|k] 

VAR[Uik  ‘ Gik  • Li  J = EtUik]  VAR^Gik  • Lik]  + E[Gik]  E[Lik^  VAR[Ui J + VAR[UiJ  • VARtGik  * Lik^ 
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Uncertainity  (LPUU)  is  one  such  alternative  (programming  in  this  instance 
refers  to  mathematical  programming  rather  than  to  a computer  code).  LPUU  is 
not  a deterministic  equivalent,  but  uses  random  variables  directly.  Within 
one  objective  function,  the  program  minimizes  error  due  to  under c er ta i nty  that 
would  result  in  overgrazing  or  und er g r a z i ng . One  of  the  great  advantages  of 
such  a program  is  that  it  is  a much  simpler  way  to  deal  with  the  means  and 
variances  of  random  variables  and  their  products.  Also,  is  it  not  necessary 
to  assume  normality.  In  fact,  virtually  any  distribution  can  be  easily 
managed  by  the  program.  However,  LPUU  is  limited  in  that  all  random  variables 
must  be  confined  to  the  b vector  of  the  Ax=b  constraints.  However,  the 
grazing  allocation  models  dealt  with  herein  must  contend  with  random  variables 
in  the  A matrix  as  well. 


3 . 6 Stochastic  Dynamic  Programming 

Dynamic  programming  is  an  optimization  method  that  is  well  suited  for 
determining  management  policies  for  systems  described  by  nonl  inear  or 
stochastic  difference  equations  (Bellman  and  Dreyfus  1962;  Dreyfus  and  Law 
1 977;  Hall  and  Day  1977;  Nemhauser  1 966).  A sequence  of  decisions,  which  in 
turn  yields  a sequence  of  situations,  is  sought  that  minimizes  (or  maximizes) 
some  measure  of  value,  e.g.,  utilization  of  annual  production  of  range  forage. 
Dynamic  programming  can  be  used  for  problems  of  the  form: 


N 


Hn<S„)  = Vn  MAX,V  ( Z R, (S: ,Vi )]. 


(44) 


in  equation  (44),  the  state  variables  at  each  time  are  related  by: 

Si+1  = Sj  + F(Sj  ,Vj)  (45) 

where  F is  the  rate  of  change  of  the  state  variable  S,  the  standing  crop.  The 
function  R j is  the  return  to  the  criterion  function  on  the  ith  time  interval, 
corresponding  to  the  herbivore's  diet  preference  or  utilization  of  the 
available  forage. 

The  basis  of  the  dynamic  programming  algorithm  is  Bellman's  Principle  of 
Optimality  which  states: 

"An  optima!  policy  has  the  property  that  whatever  the  state  and 
initial  decisions  are,  the  remaining  decisions  must  constitute  an 
optimal  policy  with  regard  to  the  state  resulting  from  the  first 
decision  (Bellman  and  Dreyfus  1962)." 

Applying  this  principle  to  the  above  equations  (44)  and  (45),  we  obtain: 

Hk  <Sk)  = M^[Rk(Sk.Vk)  +Hk+1  (Sk+1)]  (46) 

and  : 


^k+1  ~*k  + ^ (^k  »^k  ) • 


(47) 
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A!  though  is  a specific  function  and  its  value  is  therefore  known, 

the  values  of  the  function,  and  H^+i , are  not  known.  Thus,  equation  (46) 
cannot  be  solved  directly.  Instead,  the  equations  are  solved  recursively 
starting  with  Hn(Sn),  the  final  stage,  and  working  backward  to  H-j(S-j),  initial 
stage.  Since  the  value  of  Rn(Sn,Vn)  is  known,  the  value  of  Vn*(Sn)  that  mini- 
mizes (or  maximizes)  the  equation: 


can  be  determined  analytically  or  numerically. 

Dynamic  programming  can  also  be  used  to  determine  an  optimal  management 
policy  for  a stochastic  range  forage  production  system  through  the  use  of 
stochastic  transfer  functions.  If  the  available  forage  (state  variable  S)  has 
the  expected  value  m with  a probability  pj,  then  the  recursive  dynamic  pro- 
gramming equation  (46)  becomes: 


Equation  (49)  can  be  solved  by  recursively  calculating  values  of  Hn(Sn)  and 
Vn*D(Sn)  and  by  using  (47)  and  (48),  starting  with  n=N  and  ending  with  n=1 
as  in  the  deterministic  model.  An  algorithm  is  available  that  can  handle 
determ  inistic  random  variables  with  independent  probabilities  and  random 
variables  with  transition  probabilities.  However,  a major  drawback  of  dynamic 
programming  is  dimensionality.  Depending  upon  whether  optimization  problems 
are  set  up  allotment  by  allotment  or  district  by  district,  and  depending  on 
how  many  animal  species  and  time  periods  in  the  year  are  involved, 
dimensionality  can  expand  tremendously. 

Another  alternative  to  chance  constraints  is  stochastic  dynamic 
programming.  A readily  available  algorithm  for  stochastic  dynamic  programing 
works  with  random  variables.  it  does  not  have  the  disadvantages  associated 
with  chance  constraints;  it  does,  however,  require  that  the  number  of  state 
variables  must  be  kept  small.  That  is  if,  for  example,  eight  decision 
variables  are  used  in  the  mode!  (herbivores)  then  the  number  of  resources 
should  be  limited  to  plant  groups  (warm- season  grasses,  etc.)  rather  than 
plant  spec  i es . 


n 


(48) 


N 


Hn(Sn)  = T (E[R(Sn,Vn)]  + £ P j Hn+1 ( u j ) ) . 

n i-1 


(49) 


4.0  OPTIMIZATION  ALGORITHMS 


There  are  numerous  solution  algorithms  available.  Hence,  a revised 
simplex  algorithm,  LINPRQ,  and  LPUU,  a stochastic  linear  prograrrming  solution 
code  have  been  selected  for  our  linear  forage  allocation  problems.  Lemke’s 
complimentary  pivot  method  is  one  of  the  better  quadratic  prograrrming  codes 
available;  it  is  appropriate  for  use  with  deterministic  models  3 and  6.  The 
Colorado  State  University  Dynamic  Programming  algorithm,  CSUDP,  is  useful  in  a 
dynamic  programming  consideration  of  the  model.  The  Generalized  Reduced 
Gradient  solution  package,  GRG,  one  of  the  better  nonlinear  programming 
algorithms  and  the  Fi acco-McCo rm i c k (1964)  Penalty  Function  method  (SUMT)  are 
candidates  for  solving  the  chance-constrained  formulations  and  for  solving  the 
penalty-function  formulations  of  the  model. 

Each  algorithm  is  specifically  developed  for  a particular  type  of  mathe- 
matical programming  problem  and  would,  therefore,  be  a poor  choice  as  a 
general  problem  solving  algorithm.  Thus,  different  algorithms  may  be  used 
most  efficiently  on  different  problem  formulations.  Different  algorithms  can 
be  evaluated  for  each  of  the  distinct  models  for  each  of  the  different  cases, 
e.g.,  linear,  quadratic,  dynamic,  nonlinear  and  stochastic  formulations. 

The  amount  of  coding  required  for  various  problem  formulations  for 
different  algorithms  is  formidable.  It  is  therefore  desirable  to  convert  the 
formulation  to  standard  mat r i x--v ec to r form  for  inputs.  Then  the  necessary 
subroutine  calculations  can  be  made  with  predeveloped  and  pretested  matrix 
operation  algorithms.  This  reduces  the  chance  for  errors  in  the  calculations 
and  coding  and  it  observes  the  original  problem  formulation  as  is  developed 
herein. 


5.0  SUMMARY 


Several  models  and  variations  of  them  have  been  presented  as  a proposed 
method  of  forage  allocation  decision-making.  These  models  range  from  the  very 
simple  linear  mode!  (with  several  inherent  simplifying  assumptions)  to  the 
more  complex  quadratic  models,  dealing  with  chance  constraints  and  penalty 
functions  (with  fewer  inherent  simplifying  assumptions).  The  models  need  to 
be  converted  into  standard  matrix  form  and  tested  against  each  other,  against 
different  solution  algorithms,  and  for  tractable  results. 

We  consider  the  linear  and  quadratic  single- season  models  drastic 
over-simplifications  of  forage  allocation  decision-making  on  gr az i ng I and s , but 
such  models  are  a means  of  testing  our  conceptualization  of  the  range- use 
efficiency  problem.  The  quadratic  weighted,  multiple  season  model  appears  to 
be  the  most  tractable  since  it  accounts  for  seasonality  and  differences  in 
availability  of  different  plant  groups  in  ways  that  can  make  more  efficient 
and  consistent  use  of  the  range.  All  the  models  proposed  require  extensive 
testing.  The  linear  and  quadratic  deterministic  models  can  be  solved  for 
exact  optimal  solutions,  unlike  the  formulations  with  non-linear  chance 
constraints,  where  solutions  are  approximated  with  more  complex  solution 
algorithms.  Thus,  the  deterministic  linear  and  quadratic  models  can  be  used 
as  the  basis  for  testing  the  conceptualization  of  the  models  for  realistic  and 
tractable  results.  Once  these  models  have  withstood  extensive  testing  and 
likely  improvements  are  added  and  retested,  then  realistic  chance  constraints 
and  penalty  functions  can  be  added.  At  that  time,  the  models  should  be 
evaluated  for  their  realism.  The  solution  algorithms  used  to  solve  them  must 
also  be  tested  for  reliability  in  obtaining  optimal  solutions.  Eventually  a 
model  (or  specific  models  for  specific  cases)  of  forage  allocation  based  on 
sound  biological  reasoning  will  be  proposed  as  a reliable  method  of  dealing 
with  the  range  forage  allocation  problem. 

Only  when  the  true  biological  constraints  of  the  grazing  system  are 
recognized  and  then  satisfied  through  proper  management  schemes,  can 

grazinglands  be  fully  and  properly  utilized  as  a resource. 


CHAPTER  B 


A CRITICAL  REVIEW  OF  PROPER  USE  FACTORS 


ABSTRACT 


Though  mention  is  made  of  the  Proper  Use  Factor  (PUF)  in  the  literature 
and  several  range  management  textbooks,  publ ished  I ists  of  PUF  values  for 
herbivore  and  plant  combinations  are  scarce.  Scarcer  still  are  published 
accounts  of  the  formulation  of  PUF  values.  This  report  considers  the 
definition  of  proper  use  factors  and  the  way  in  which  they  are  subject  to 
variation.  Two  examples  of  the  use  of  proper  use  factors,  other  than  for 
judging  the  quality  of  a range,  are  shown.  One  example  calculates  the  diet 
botantical  composition  for  a herbivore  when  the  proper  use  factor  and  the 
range  composition  is  known.  The  other  example  calculates  the  range 
composition  from  known  proper  use  factors  and  diet  botantical  composition. 
The  methodology  of  PUF  value  formulation  is  discussed.  The  lack  of 
appropriate  rules  and  guidelines  for  proper  use  factor  formulation  is  not 
consistent  with  sound  scientific  or  ecological  principles.  The  distinction 
and  the  relationship  between  the  proper  use  factor  and  the  allowable  use 
factor  is  discussed.  The  differences  between  two  compilations  of  PUF  values, 
one  done  in  the  late  1950's,  the  other  in  1979,  are  presented.  The  general 
conclusion  is  that  over  the  intervening  period  of  time,  the  PUF  values  for 
many  plant  species  have  been  lowered.  Although  PUF  value  formulation  is 
lacking,  because  they  have  been  complied  for  plants  in  many  regions,  they  may 
be  useful  as  guidelines  in  different  aspects  of  forage  allocation  analysis. 
But,  because  of  the  nature  in  which  PUF  values  are  arbitrarily  formulated, 
they  should  be  used  with  caution.  A range-region  effort  is  needed  to 
establish  PUF  values  for  each  subregion.  Such  an  effort  should  be  based  on  a 
thorough  survey  of  clipping  and  grazing  studies  and  it  should  include  complete 
documentation  on  the  methodology  used  in  the  formulation  of  PUF  values. 
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1.0  PROPER  USE  FACTOR  (PUF) 


The  purpose  of  this  chapter  is  to  examine  the  occurrence  of  Proper  Use 
Factors  (PUF)  in  the  scientific  literature,  the  apparent  change  in  PUF  values 
for  the  same  regions  over  some  20  years  and  the  application  of  PUF  values  to 
the  development  of  optimization  models  for  forage  allocation. 


1 . 1 Proper  Use  Fa ctor  s in 


Reference  is  made  to  the  "Optimization  Models  for  Forage  Allocation  to 
Combinations  for  Large  Herbivores  for  Graz i ngl and  Situations"  Progress  Report 
of  November  1979  (Janisz  et  a!.  1979).  In  that  report,  Table  1 presents 
alternative  model  formulations  and  appropriate  constraints  developed  for  the 
optimization  of  forage  allocation.  There  are  six  models  presented  in  both 
shorthand  formulation  and  expanded  formulation.  Model  number  1,  the  expanded 
formula,  is  shown  below: 

MlN(Z(HUj (Sj  +G,)(1  -Li)  -DExjCjPjj))  (1) 
i | 


where  H is  the  number  of  hectares  in  the  study  area,  S is  the  standing  crop  at 
the  beginning  of  the  grazing  season,  G is  the  gain  in  the  standing  crop  during 
the  season,  L is  the  loss  in  the  standing  crop  due  to  decay  and  shattering  and 
trampling,  D is  the  number  of  days  in  a specified  season,  C is  the  herbivore 
daily  intake  rate,  and  P is  the  relative  preference  of  each  herbivore  for  a 
specific  plant  group.  The  variable  x represents  the  decision  variable  or  the 
number  of  herbivores  of  the  fth  species  to  graze  a given  plant  group  i on  a 
given  range.  In  this  formulation,  the  variable  U is  included  and  represents 
the  Allowable  Use  Factor.  This  last  variable,  U,  is  the  major  concern  of  this 
report.  Its  inclusion  in  the  model  structure  is  necessary  to  insure  the 
maintain  a nee  of  the  range  herbage.  Since  U is  entered  as  a proportion  (or 
percent),  its  position  in  the  model  structure  insures  that  t Si  e herbage 
available  to  the  grazing  animal  is  less  than  is  physically  present  on  the 
range.  This  means  that  the  manager  can  adjust  this  parameter  to  allow  maximum 
utilization  of  a forage  species  and  still  leave  enough  of  the  plant  tissue  at 
the  end  of  the  grazing  season  to  enable  that  species  to  recover.  He  may  in 
instances  of  poor  quality  rangeland  or  where  overgrazing  has  occured  in  the 
past,  set  U very  low,  thereby  enabling  the  range  to  recover. 

As  can  be  seen,  the  use  factor  is  an  intergral  part  of  the  conceptua  1 i - 
zation  of  the  model  problem  and  of  the  model  framework  itself.  As  will  be 
noted  below,  scientific  information  on  U is  not  abundant.  A related,  but 
different  concept,  i.e.,  the  PUF,  has  been  used  by  resource  management 
agencies  for  40  years  and  may  provide  valuable  insights  into  U. 


For  the  moment,  the  proper  use  factor  will  be  considered  and  allowable 
use  taken  up  again  later  in  this  chapter. 


1 . 2 Definition  of  Proper  Use  Factors 

A Proper  Use  Factor  may  be  defined  as  the  percentage  use  that  is  made  of 
a forage  species  under  proper  management  of  the  range  as  a whole  (Stoddard  et 
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al.  1 975).  Another  definition  of  the  Proper  Use  Factor  is  given  by  Sampson 
(1952).  He  says  it  is  the  percentage  weight  (sometimes  height)  at  which  the 
available  plant  species  are  grazed  when  the  range  is  properly  used.  He 
equates  this  measure  with  the  palatability  factor.  Sampson  (1952)  further 
states  that  proper  utilization  of  the  range  is  the  degree  of  annual  removal  of 
forage  that  will  maintain  or  improve  the  grazing  capacity  of  a range  unit  over 
a series  of  years.  He  says  this  term  is  synonymous  with  that  of  proper  use. 
It  may  be  interpreted  in  the  following  way.  If  a PUF  for  a given  plant  spe- 
cies is  set  at  30%,  it  indicates  that  that  plant  will  have  30%  of  its  current 
annual  aboveground  production  removed  by  the  end  of  the  grazing  season,  again 
under  proper  management. 

In  summary,  the  value  of  a proper  use  factor  is  defined  for  a specific 
situation,  i.e.,  on  a given  range  composed  of  certain  plants  in  certain 
abundances  and  grazed  by  a specific  herbivore  and  in  a given  season. 


1 . 3 Variation  in  PUF  Values 

Proper  use  factors  are  reported  usually  according  to  herbivore  or 
herbivore  group.  The  problem  with  such  distinctions  is  that  herbivore  species 
are  rarely  present  alone  on  the  rangeland;  they  are  present,  at  least  during 
some  parts  of  the  year  with  other  herbivore  species.  The  PUF  value  for  one 
species  of  herbivore  grazing  one  species  of  plant  is  usually  different  for  a 
second  herbivore  species  grazing  the  same  forage  species.  Such  considerations 
cause  variaton  in  PUF  values.  That  variation  is  discussed  next. 

Stoddart  et  al.  (1975)  list  several  reasons  for  variability  in  PUF's. 
They  are: 

* The  plants  associated  with  any  given  plant  species  and  their 
relative  abundance  can  vary  that  plant's  PUF. 

* The  species  of  animal  allowed  to  graze  a given  plant  species 
can  vary  the  PUF. 

* The  season  of  the  year  affects  moisture,  nutrient  and  sugar 
concentration  in  plant  parts  and  thereby  causes  the  PUF  to 
var  y . 

* The  climatic  variations  from  year  to  year  can  affect,  for 
example, the  moisture  in  the  plant  and  consequently  alter  the 
PUF  for  that  species  on  that  range. 

* Past  grazing  of  a plant  can  cause  variation  in  PUF's  since 
regrowth  is  more  tender  and  hence,  more  attractive. 

* PUF  values  vary  due  to  undefined  local  conditions  as  shown 
by  differential  grazing  of  two  plants  of  the  same  species 
growing  side  by  side. 

* Animal  familiarity  or  unfamiliarity  with  forage  plants  can 
cause  PUF  var i at i on. 

With  an  understanding  of  what  a PUF  value  is  and  the  way  in  which  it  may 
vary,  the  method  of  PUF  formulation  is  taken  up  next. 


2oQ  FORMULATION  AND  USE  OF  PUF  VALUES 


It  must  be  remembered  that  a PUF  is  a function  of  plant  production  and 
animal  species  grazing  that  plant*  if  a range  has  a composition  of  only  one 
plant  species  (a  uniform  environment)  and  is  grazed  by  only  one  herbivore,  the 
PUF  for  that  range  could  be  determined  and  applied  readily  to  managing  the 
range  resource.  Like  so  many  concepts  in  the  natural  sciences,  however,  the 
PUF  is  an  ideal.  Physics  has  the  frictionless  surface  and  the  black  box 
concept,  neither  of  which  may  be  truely  realized  or  found  in  nature.  Both, 
however,  serve  as  a starting  point  or  basis  for  abstract  formulation.  The 
same  may  be  said  of  the  ideal  gas  Saw  found  in  chemistry  and  several  other 
fields  of  scientific  endeavor  ( e . g . , biophysics,  biochemistry,  physiology, 
medicine).  It  is  an  abstract,  a concept  from  which  simplified  but  real,  ap- 
plicable methodologies  and  techniques  can  be  formulated. 

The  PUF  is  applied  not  to  the  uniform  environment  of  a single-plant 
species  range,  nor  to  an  environment  with  small  vegetationaS  gradients  in  it. 
Rather,  it  is  applied  to  a many-species  range  or  what  may  be  termed  a patchy 
environment  (MacArthur  and  Pianka  1966),  an  environment  that  has  stands  or 
spots  of  one  type  of  herbage,  bare  ground,  different  forage  species  stands, 
etc.  Also,  this  patchy  environment  is  not  utilized  by  one  herbivore,  but 
perhaps  several.  Extensive  literature  (Chapter  E)  exists  which  shows  that  the 
large  herbivores,  the  concern  of  this  modelling  study,  select  particular 
forage  plants  while  leaving  other  available  plants  alone.  Such  utilization  of 
a heterogeneous  (patchy)  environmental  mosaic  in  a course-grained  manner 
(Pianka  1974)  means,  in  the  real  world,  that  a number  of  PUF  values  must  be 
used,  one  for  each  herbivore  or  group  of  herbivores  over  each  forage  species. 

For  the  purposes  of  this  discussion,  we  disregard  seeded  pastures  where 
the  predominant  plant  cover  would  be  all  one  species.  Too,  we  exclude  the 
circumstance  where  a cow  will  be  unaware  of  a patch  of  clover  among  the  grass 
it  is  eating.  The  latter  case  would  be  an  example  of  a fine-grained 
environment  that  would  not  elicit  a different  response  of  the  herbivore  as  it 
is  encountered  (EmSen  1973).  The  former  is  a case  where  the  heterogeneity  of 
the  environment  is  removed  and  the  subsequent  response  of  the  herbivore 
altered.  The  degree  of  patchiness  of  the  environment  bears  directly  on  the 
response  of  the  herbivore  and  on  the  amount  of  time  the  herbivore  spends  in  or 
on  the  patches.  The  unaware  cow  above  probably  does  not  actively  seek  out 
patches  of  forb  or  browse  and  may  actively  avoid  the  latter.  A more 
generalized  grazer,  like  a goat,  would  not  avoid  any  particular  patch  but 
spend  more  time  on  browse  or  forb  patches  than  would  the  cow. 

When  the  environmental  pulses  of  seasonality  are  considered,  a third 
dimension  to  the  above  must  be  added.  When  one  considers  that  in  some  in- 
stances the  large  herbivores  compete  for  forage  (Abrams  1975),  the  result  is  a 
hodge-podge  of  PUF  values  which  provide  for  a very  noisy  and  intractable 
system  from  a management  viewpoint:  that  is,  if  PUF  values  are  applied  to 
managing  a rangeland  and  herbivore  system  at  all. 


2 . 1 The  Concept 

As  mentioned  previously,  the  PUF  is  dependent  on  the  forage  plant  species 
composition,  the  herbivore  involved,  and  the  season.  Or  conceptually: 
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PUF  = f(forage  plants,  herbivores,  season)  (2) 

where  f is  read  "a  function  of."  This  conceptual  model  is  still  incomplete, 
however.  Abiotic  factors  other  than  season  must  be  considered  as  well. 
Climate  certainly  is  one  of  these  factors.  Proper  use  of  sagebrush  may  be 
quite  different  in  eastern  California  as  opposed  to  northern  Utah;  the  proper 
use  in  each  case  dependent  on  yearly  rainfall,  relative  insolation  and  so 
forth.  Edaphic  status  of  the  rangeland  also  influences  proper  use.  Soil 
nutrient  content,  type,  substrate  and  others  need  to  considered.  Slope  and 
aspect  are  also  important.  Herbivores  other  than  big  game  and  livestock  make 
use  of  forage  species  as  well.  Fructivorous  insects  and  rodents  affect  plant 
production  by  using  plant  seeds  and  fruits  while  other  insects,  rodents,  and 
lagomorphs  consume  other  plant  parts.  The  effects  of  these  herbivores,  if 
considered  on  a single-organism  scale,  are  small  compared  to  say,  the  effects 
of  cattle  stocked  at  moderate  densities,  but  considered  collectively,  their 
presence  on  a range  is  of  consequence. 

Equation  2 now  becomes: 

PUF  = f(forage  plants,  large  herbivores,  season,  edaphic  (3) 

conditions,  climate,  small  herbivores) 

Of  course  other  components  could  be  added  to  Equation  3.  From  the  above 
though,  it  should  be  obvious  that  the  PUF  is  dependent  on  a number  of  vari- 
ables. 


2.2  Calculations  Using  PUF  Values 

Correctly  formulated  PUF  values  may  be  employed  by  management  agencies  in 
ways  other  than  judging  the  level  of  proper  use  of  a range.  The  exercises 
that  follow  are  two  such  ways. 


2.2.1  Calculating  Piet  Botantical  Composition  from  Known  Range  Composition 
and  PUF  Values 

Assume  a hypothetical  range  composed  of  four  plant  species  and  the 
percent  of  each  plant  species  on  the  range  is  known  as  is  their  PUF  values: 


Plant 

Range 

PUF 

Species 

Composition  (%) 

m 

A 

30 

50 

B 

25 

20 

C 

35 

40 

D 

10 

80 

100 


The  products  of  the  range  composition  and  the  PUF  values  yields  the  proportion 
grazed  of  each  of  the  plant  species.  The  total  of  the  proportions  divided 
into  each  proportion  separately  yields  the  precent  of  each  plants  species  in 
the  diet.  For  plant  species  A the  product  of  its  range  composition  and  its 
PUF  is  1500.  The  total  of  the  products  for  this  example  is  4200.  the  percent 
of  species  A in  the  diet  is  then  1500/4200  or  36%.  For  the  entire  range: 


36 


Plant 


Product 


Diet 


A 

30 

50 

1500 

36 

B 

25 

20 

500 

12 

C 

35 

40 

1400 

33 

D 

10 

80 

800 

19 

100 

4200 

100 

As  may  be  seen,  the  range  composition  column  and  the  diet  composition 
column  sum  to  100%.  The  numbers  under  the  range  composition  column  in 
actuality  would  be  supplied  by  a vegetation  survey  method,  e.g.,  SVIfVL  The 
PUF  values  would  be  extracted  from  tables  maintained  by  the  natural  resource 
management  agencies. 

There  are  two  provisos  that  should  be  considered  when  applying  the  above 
method  of  calculation.  The  first  is  that  the  rangeland  under  consideration  be 
managed  properly.  If  the  Sand  is  being  mismanaged  the  (constant)  PUF  values 
would  not  apply  and  the  calculations  would  be  meaningless.  The  second  proviso 
is  the  understanding  that  the  efficient  use  of  a range  may  require  that  highly 
palatable  plants,  present  sometimes  in  small  percentages,  would  be  overused  in 
order  for  the  more  abundant  but  less  palatable  species  be  used  up  to  the  PUF 
value  assigned  to  them. 


2.2.2  Calculating  Range  Compoistion  From  Known  Die  _L  ILP-t-L*1  ' £ aJ.  Compos  i t i on 
and^  PUF  _Va  I ue  s 

Very  often  diet  botanical  composition  of  herbivore  diets  is  reported  in 
the  literature.  However,  usually  the  botanical  composition  of  the  range  from 
which  the  diet  information  was  taken  is  not  reported.  An  application  of  PUF 
values  may  be  used  to  remedy  that  situation.  Since  the  reversal  of  the 
sequence  of  calcuations  used  in  Section  2.2.1  does  not  yield  the  original 
range  composition,  a more  laborious  calculation  must  be  used. 

If  a range  is  composed  of  i plants  species  and  these  plant  species  have 
PUF  values  of  a,  and  further  if  the  botanical  composition  of  the  diet  Is  Cj, 
then  a system  of  equations  may  be  set  up  in  order  to  solve  for  bj,  the  botani- 
cal  composition  of  the  range.  For  a given  range  the  product  of  a single  PUF 
value  and  a single  value  of  percent  botanical  composition  of  the  range  divided 
by  the  sum  of  all  such  products  yields  the  diet  botanical  composition: 

(a j • h i )/( E aj  bj ) = C| . (4) 

i 

Clearing  the  right  side  of  equation  (4)  and  multiplying  both  sides  of  the 

equation  by  the  denominator  gives: 

a j b j - Cj  E a j b j = 0.  ( 5 ) 

i 

Thus,  in  a situation  with  three  plant  species  or  groups  the  following 
equations  would  be  found: 


Rearranging  the  system  of  equations  in  (6)  according  to  the  method 
out  I i ned  above  gives: 


c1a1b1 

- a-j  b1  + 

c1a2b2  + 

c 1 a 3b 

c 2a1 b 1 

+ c2a2b2 

- a2b2  + 

c 2 a 3 b 

c_  a, b„ 

+ c^a^b^ 

+ c^a„b„ 

- a „ b 

3 1 1 

3 2 2 

3 3 3 

3 

(7) 


Further  rearrangement  shows  the  equations  in  terms  of  sums  of  known 
coefficients  (a,  and  c,  values)  times  the  unknowns  (the  bj  values): 

[(c-ja.j  - a -j  ) ] b ^ + [ c a 2 ] b 2 + [ c a 3 ] b 3 = 0 

[c2a-j]b-j  + [(c2a2  ~ a 2 ^ ^ 2 + tc2a3^b3  = ® (8) 

Ic3a1,b1  + [c3a2,b2  + [<C3a3  ' a3)lb3  = °’ 


The  system  of  equations  in  (8)  can  be  put  into  matrix  equation  form: 


( ci  ai  ) - a-,,  c1a2jc1a3 

b1 

“o" 

c2a1 t (c2a2^  ” a2 tc2a3 

b2 

= 

0 

c„  a„  c.a^  ( c . a „ ) - a. 
3 1 , 3 2 »'  3 3'  3 

b„ 

0 

3 

(9) 


The  matrix  equations  can  be  solved  readily  on  a digital  computer  to 
secure  the  values  of  bj,  i.e.,  the  botanical  composition  of  the  range. 


Consider  the 

following  s imp  1 

e range  example: 
Diet 

Range 

P I ant 

PUF 

Compos i t i on 

Compos i t i on 

Spec i e s 

(%) 

( Proport i on ) 

(%) 

A 

4 

.0635 

b1 

B 

35 

.5596 

b2 

C 

24 

.3810 

b3 

The  bj  values 
t ions: 

can  be  der i ved 
0.4b^  + 

as  foil ows  using  the 
0.4b-, 

= .0635 

0.7bo  + 0.6b3 

PUF  values  as  propor- 

0635 
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0. 6b3 


0.4b-]  + 0.7b2  + 0.6b3 


.3810 


Rearrangement,  setting  the  right-hand  side  to  zero  as  in  (7),  (8),  and 

(9)  results  in: 

-0.3746b1  + 0. 0444b2  + 0.0381b3  = 0 

0.2222b1  - 0. 31 1 1 b2  + 0.3333b3  = 0 (10) 

0.1524b,  + 0.2667b.  - 0. 3714b.  = 0. 

I L 3 

However,  there  are  an  infinite  number  of  nontrivial  solutions  to  this  system 
of  equations.  We  can  replace  one  of  the  equations  with  a known  relationship 
involving  the  three  unknowns  and  obtain  a valid  solution.  We  know  that  the 
botanical  composition  of  the  range  sums  to  1.0  thus  b-,  + b2  + bq>  = 1,0. 

Therefore,  replacing  the  third  equation  with  this  known  relationship  gives: 

”0. 31 6b -j  + 0.147b2  + 0.126b3  = 0 

0.148b-,  - 0. 441  b 2 + 0.222b3  = 0 (11) 

1b  + 1b  + 1b  = 100. 

I tia  3 

Solving  this  system  of  equations  gives: 

b1  = 0.10 
b2  = 0.50 

= 0.40 
1 .00 


This  calculation  of  course  is  dependent  on  the  two  known  vectors  of  diet 
botanical  composition  and  PUF  values.  In  practice,  if  these  vectors  aren't 
well  known,  then  erroneous  values  of  b,  may  result.  For  example,  if  in  any 
given  year  on  any  given  range  one  particular  plant  species  is  rare  but  makes 
up  say  60%  of  a herbivore’s  diet  (whereas  in  normal  years  it  is  much  less), 
the  method  of  determining  range  composition  shown  above  would  over  estimate 
that  plant  species’  contribution  to  the  range  composition.  The  provisions 
mentioned  in  Section  2.2.1  apply  here  as  does  one  other.  That  is,  the 
herbivores  must  be  grazing  the  forage  species  somewhat  uniformly,  neither 
greatly  preferring  nor  avoiding  a particular  plant.  Should  this  provision  not 
apply,  then  use  of  the  above  method  to  determine  range  composition  would  not 
be  appropriate. 


2. 3 The  Methodology 

The  scientific  literature  has  been  searched  for  information  on  a variety 
of  topics,  the  object  being  to  establish  parameter  mean  values  and  their 
variances  in  order  to  construct  and  operate  optimization  models.  There  is  a 
remarkable  scarcity  in  the  literature  on  the  methodology  used  in  the 
formulation  of  PUF  values.  This  is  an  odd  and  unfortunate  situation,  since 
one  of  the  salient  features  of  the  scientific  method  is  that  once  results  and 
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methods  are  reported,  they  can  be  reproduced  and  verified  by  other  workers. 
The  two  sources  of  PUF  values  detailed  in  the  next  section  report  values,  but 
nowhere  do  they  explain,  expound,  or  list  how  one  is  to  formulate  a PUF. 

Several  individuals  have  ostensibly  made  use  of  the  PUF  in  their  work. 
Nelson  (1977)  used  the  concept  of  proper  use  in  his  examination  of  the  work  of 
Smith  (1965).  Smith  addressed  himself  to  a "utilization  standard"  of  a single 
plant  species  when  determining  the  trade-offs  in  herbivore  stocking  rates.  In 
neither  instance  however,  is  the  method  for  PUF  determination  described  though 
both  authors  present  models  in  which  PUF  values  play  a major  role. 

Earlier  work  by  Cook  (1954)  and  Hopkin  (1954),  who  reworked  Cook's  data, 
consider  the  economic  benefits  of  using  PUF  values  in  stocking  sheep  and 
cattle  on  a Utah  range.  Both  assume  PUF  values,  allude  to  their  formulation, 
but  do  not  say  explicitly  how  they  were  determined.  There  are  other  examples 
in  the  literature  where  PUF  values  are  assumed  or  formulated  somehow,  or  both, 
but  the  procedure  is  not  mentioned.  Hormay  and  Fausett  (1942)  give  several 
criteria,  based  on  appearance,  for  judging  the  condition  of  annual-grass 
ranges  that  have  been  grazed.  If  the  grazing  has  been  at  the  proper  level, 

* adequate  mulch  should  be  present  and  the  average  stubble 
height  should  be  about  2 inches, 

* the  remaining  vegetation  should  have  a patchy,  mottled 
appearance , 

* a sufficient  forage  should  be  left  to  hide  squirrel  mounds, 
livestock  trails,  etc.  when  viewed  from  a distance  of  20 
feet, 

* vegetation  under  shrubs  and  around  rocks  should  be  only 
I i ght  I y cropped, 

* a large  proportion  of  seed  heads  of  the  less  preferred  grass 
species  should  remain  ungrazed. 

Note  should  be  made  here  that  the  above  method  is  quite  subjective,  relying  as 
it  does  on  the  appearance  of  the  range. 

Sampson  (1952)  says  some  35  to  50%  of  the  current  volume  (by  weight)  of 
herbage  should  remain  at  the  end  of  the  grazing  season.  That  standard  is  for 
rangeland  sites  in  fair  to  good  condition.  For  lower  quality  sites,  he 
suggests  that  about  60%  of  the  current  forage  volume  and  2 5%  of  the  flower 
stalks  should  be  left.  These  of  course  are  general  ru I es-of-thumb. 

These  techniques  of  estimating  proper  use  of  a range  and  by  inference  the 
PUF  values  of  the  plant  species  on  that  range,  lack  repeatability.  The 
observer  must  be  the  same  in  every  instance,  else  the  range  condition  will  not 
be  estimated  the  same  way  each  time. 

Wooton  (1908)  is  apparently  the  only  author  who  has  set  down  in  print  the 
methodology  for  PUF  formulation.  He  says, 


11 . . . it  is  possible  by  looking  at  a range  to  tell  how  it  has 
been  treated.  The  number  and  kinds  of  range  weeds,  the  kinds 
and  abundance  of  grasses,  the  condition  of  the  shrubbery,  the 
amount  and  character  of  the  erosion  features,  ail  taken 
together  with  an  appreciation  of  the  co  mm  on  or  typical 
condition  of  the  (range),  tell  the  story  of  what  the  range  has 
been,  and  hence  what  it  may  be  again  by  p r ope  r treatment 
( empha s Is  added ). " 

That  is  to  say,  a manager  simply  determines  PDF  values  by  looking  at  the 
r ang  e. 


2 . 4 The  Relationship  of  th e Allowable  Use  Factor  (AUF ) to  the  PUF 

While  the  PUF  is  ostensibly  a management  tool,  the  Allowable  Use  Factor 
or  AUF  is  a number  sometimes  used  to  measure  a plant's  physiological  response 
to  grazing,  it  is  the  amount  of  above-ground  plant  parts  which  can  be  grazed 
and  still  allow  the  plant  to  recover.  AUF  formulation  is  supposed  to  be 
derived  from  clipping  studies  ( c . f . for  example  Biswell  and  We aver  1933, 
Jameson  1963,  McCarty  and  Price  1942,  and  Aldous  1930). 

Some  suggested  utilization  levels  of  selected  grass  and  forb  species  com- 
piled from  the  scientific  literature  are  presented  in  Table  R1 . These  values 
may  be  interpreted  as  allowable  use  levels  from  which  AUF  values  can  be 
derived.  The  trail  s i t i on  between  the  allowable  level  of  use  and  the  percentage 
or  proportional  AUF  however  is  cloudy  at  best,  as  there  seems  to  be  a lack  in 
the  literature  of  detailed  methods  to  make  the  transformation.  Note  too  that 
Table  B1  does  not  show  any  seasonality  for  reporting  the  utilization  values,  a 
fact  reflected  from  the  literature.  The  most  deficient  attribute  in  the 
studies  reported  in  Table  B1  though  is  that  they  were  undertaken  without  the 
complication  of  the  presence  of  other  plants.  Recall  that  the  rangeland  is 
not  a homogeneous  environment  as  It  is  implicitly  considered  in  these  studies, 
but  a patchy  environment.  This  makes  the  utilization  values  in  Table  B1 
little  more  than  interesting  numbers  if  the  goal  is  to  use  to  the  fullest 
extent  the  mosaic  that  is  the  rangeland. 

There  are  fewer  utilization  values  reported  in  the  scientific  literature 
for  browse  or  shrub  species  than  for  grass  and  forb  species.  Some  repre- 
sentative numbers  are  given  in  Table  B2.  The  same  criticism  of  the  studies 
used  to  determine  the  values  in  Table  B1  may  also  be  applied  to  the  values  in 
Table  B2. 

The  relationship  between  the  PUF  and  the  AUF  is  somewhat  hazy,  but 
several  precepts  may  be  elucidated.  Generally,  it  may  be  stated  that  an  AUF 
for  a given  plant  species  is  greater  than  the  PUF  for  that  species.  If  the 
range  is  comprised  of  a single  plant  species,  the  AUF  and  the  PUF  would  have 
the  same  value;  if  the  manager  required  full  utilization  of  the  herbage  for 
herbivore  production.  But,  as  mentioned  previously,  the  range  is  a mosaic  of 
vegetation  and  as  a consequence,  the  AUF  values  and  the  PUF  values  differ.  It 
may  also  be  stated  that  for  efficient  use  of  the  range,  some  highly  palatable 
forage  plants  which  are  present  in  small  numbers  will  have  PUF  values  greater 
than  AUF  values,  meaning  these  plants  are  sacrificed. 


ill 


Table  B1. 


Compilation  of  suggested  use  standards  for  selected  grass  and 
forb  species. 


SPECIES 

LOCATI ON 

USE  STANDARD 

REMARKS 

AUTHORITY 

Boute 1 oua 
grac i 1 i s 

Southwestern  U.S. 

c 1 i pped  to  within 
2 in.  (5.1  cm)  of 
ground 

at  that  height,  12%  of  total  height  and 
55%  of  volume  was  removed. 

Crafts  1938a 

Hi  1 a r i a 
be  1 ange  ri 

Ari zona 

stubble  height  of 
3 inches  (7.6  cm) 

Campbell  and  Crafts 
1938 

Festuca 
ari zon i ca 

Ari zona 

stubble  height  of 
5 inches  (12.7  cm) 

Crafts  1938b 

Boute 1 oua 
curt i pendul a 

Ari zona 

stubble  height  of 
A inches  (10.2  cm) 

Ag ropy ron 
spi catum 

Northwestern  U.S. 

3 inch  (7.6  cm) 
stubble  height 

Pickford  and  Reid 
19A2a 

Festuca 
vi  ri  dul  a 

Northwestern  U.S. 

3 inch  (7-6  cm) 
stubble  height 

Poa 

secunda 

Northwestern  U.S. 

3 inch  (7.6  cm) 
stubble  height 

Deschamps i a 
caespi tosa 

Northwestern  U.S. 

3 inch  (7.6  cm) 
stubble  height 

value  is  for 
ha i rgrass 

meadows  dominated  by  tuffed 

Pickford  and  Reid 
19A2b 

Boute loua 
graci 1 i s 

Central  Great 
Plains,  U.S . 

1.75  inch  (A. A cm) 
stubble  height 

value  is 

for 

good  growth  years 

Costello  and  Turner 
19AA 

Buch I oe 
dacty loi des 

Central  Great 
Plains,  U.S. 

1.75  inch  (A. A cm) 
stubble  height 

value  is 

for 

good  growth  years 

Bouteloua 
grac i 1 i s 

Central  Great 
Plains,  U.S. 

1.25  inch  (3.2  cm) 
stubble  height 

value  is 

for 

poor  growth  years 

Costello  and  Turner 
19AA 

Buch 1 oe 
dactyloi des 

Central  Great 
Plains,  U.S. 

1.25  inch  (3.2  cm) 
stubble  height 

value  is 

for 

poor  growth  years 

Agropy ron 
desertorum 

Central  Colorado 

2 inch  (5  cm) 
stubble  height 

Johnson  1959 

Ag ropy ron 
i n termedi urn 

Central  Colorado 

3-9  inch  (10  cm) 
stubble  height 

Agropy  ron 
smi  thi  i 

Arizona  - 
New  Mexico 

3.3  inch  (8. A cm) 
stubble  height 

Parker  and  Glendening 

1 9A2 

Agropy ron 
smi thi i 

Eastern  Montana 

1 to  2 inch 
(2.5  to  5 cm) 
stubble  height 

Holscher  and  Wool  folk 

1953 

Bromus 
i ne  rmi s 

Central  Colorado 

A inch  (10.2  cm) 
stubble  height 

Johnson  1959 

Carex 
f i 1 i fol i a 

Eastern  Montana 

1 to  2 inch 
(2.5  to  5 cm) 
stubble  height 

Holscher  and  Woolfolk 

1953 

El ymus 
juncens 

Central  Colorado 

3 inch  (7.5  cm) 
stubble  height 

Curr i e and  Smi th 
1970 

St  ipa 
comata 

Eastern  Montana 

2 inch  (5  cm) 
stubble  height 

Holscher  and  Woolfolk 

1953 

Hi  1 aria 
be  1 ange  ri 

Arizona  - 
New  Mexico 

1.6  inch  (5  cm) 
stubble  height 

Parker  and  Glendening 
1 9A2 

Koe 1 e r i a 
cri stata 

Arizona  - 
New  Mexico 

2 inch  (5  cm) 
stubble  height 

Parker  and  Glendening 
19A2 

Table  B2  . Compilation  of  suggested  use  standards  for  selected  browse  species. 
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In  short,  there  is  a conceptual  linkage  between  AUF  values  and  PUF  val- 
ues: the  two  ideas  should  mesh  and  provide  useful  management  tools  to  private 

and  public  regulators.  In  fact  however,  the  real  world  link  between  the  AUF 
and  PUF  is  not  at  all  well  established.  And,  AUF  formulation  methodologies 
are  lacking  in  the  literature  and  range  science  textbooks;  the  same  state  as 
is  found  for  PUF  values.  The  presence  of  lists  in  government  agency  files  of 
AUF 1 s and  PUF 1 s indicates  that  at  some  time  and  place  persons  in  the  agencies 
involved  gave  thought  to  the  problem.  However,  even  in  the  agency  reports 
there  is  no  satisfactory  discussion  of  the  data  or  information  base  from  which 
the  lists  were  developed. 

How,  then,  are  PUF  or  AUF  values  formulated?  Apparently,  they  are 
established  by  11  rul  e- of- thumb"  or  intuition.  As  such,  little  credence  can  be 
put  in  any  PUF  value,  a fact  that  does  not  help  management  agencies  in 
promulgating  their  policies,  nor  does  it  help  the  rancher  or  the 
conservationist  prudently  use  and  share  the  range  resource. 

With  this  in  mind,  some  differences  in  PUF  values  for  the  same  plants  are 
detailed  in  the  next  section. 


3.0  DIFFERENCES  BETWEEN  TWO  COMPILATIONS  OF  PROPER  USE  FACTORS 


Only  two  sources  of  PUF  values  have  been  found  In  the  course  of  this 
study*  both  u npu b ! i s h e d . The  first*  hereafter  referred  to  as  the  “new" 
compilation*  was  supplied  by  the  Denver  Service  Center  of  the  Bureau  of  Land 
Management  (BLM).  It  lists  the  plant  species  and  Allowable  Use  Factors  and 
Proper  Use  Factors*  as  of  November*  1979*  for  the  Vernal  Utah  District  of  the 
BLM  according  to  spring,  summer,  fail*  and  winter  seasons.  The  animals 
considered  in  this  listing  are  antelope*  cattle*  mule  deer*  Rocky  Mountain 
elk*  domestic  sheep*  and  Rocky  Mountain  bighorn  sheep.  The  other  source  is  an 
extensive  compilation  of  Proper  Use  Factors  made  by  G,  PI.  Van  Dyne  and  H.  G. 
Fisser  during  the  late  1950's  (unpublished).  (See  Appendix  SS  entitled 
"Classification  of  Range  Plants:  Proper  Us©  Factors.")  This  tabulation* 
referred  to  hereafter  as  the  "old"  compilation*  made  use  of  several  BLM 
reports*  Soil  Conservation  Service  multiliths,  and  some  research  station 
reports*  which  are  referenced.  The  geographic  regions  considered  therein  were 
the  Northwest  states,  the  Southwest  states*  and  the  Great  Plains  region  of  the 
United  States.  That  tabulation  did  not  consider  individual  animal  species  but 
the  two  aglomerates  of  "cattle  and  horses*"  and  "sheep  and  goats,"  presumably 
because  cattle  and  horses,  and  sheep  and  goats  have  similar  foraging 
characteristics. 


3 . 1  An  Example  of  Changes  Ovej_  _20  Years 

Have  the  PUF  values  for  plant  species  been  changed  over  time?  In  order 
to  answer  that  question*  the  two  sources  of  PUF's  were  compared.  (The  mean 
value  for  the  Great  Plains  region  in  the  old  tabulation  and  the  yearlong  value 
in  the  new  tabulation  were  used  for  this  comparison.)  By  subtracting  the  new 
value  from  the  old*  the  change  in  magnitude  of  the  value*  if  any*  could  be 
determined.  in  each  case*  the  magnitude  of  the  difference  was  recorded  by 
an  ima  I -an  ima  S comparison  and  plant  group  comparison.  The  plant  groupings 
according  to  shrubs,  warm-season  and  cool-season  grasses*  and  warm-season  and 
cool-season  forbs  were  made  according  to  the  Information  in  Downton  (1  975  ), 
Kautz  and  Van  Dyne  (1978)*  Schuster  and  Garcia  (1973)*  Sims  et  al.  (1978),  and 
Waller  and  Lewis  (1979).  The  results  are  presented  in  Table  B3. 


3.1.1  Changes  of  Less  than  5% 

The  least  substantial  changes  between  the  old  and  new  compilations  are 
recorded  in  the  plus  or  minus  5%  column  of  Table  B3.  The  greatest  number  of 
changes  for  the  an ima I -to-an ima I comparison  in  this  category  is  shown  for  the 
cattle  versus  cattle  and  horse  pairing  with  13  changes  of  less  than  5%.  The 
plant  considerations  showed  11  changes  in  the  cool-season  grasses  plant  group. 
Overall,  there  were  23  changes  of  less  than  5%  between  the  two  PUF 
comp i I at i on s . 


3.1.2  Changes  of  Greater  Than  5% 

More  substantia!  changes  in  the  range  of  plus  or  minus  5 to  15%  are  shown 
in  columns  marked  -(5  to  15)  and  +(5  to  15)  in  Table  B3 , The  minus  5 to  15% 
range  indicates  that  at  a total  of  seven  PUF  values  have  been  increased  since 
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Table  B3.  The  range  of  change  in  proper  use  factors  for  important  plant  groups  by  herbivore 
species  or  group.  Numbers  at  the  top  of  the  columns  refer  to  the  range  of  the 
difference  between  the  two  PUF  compilations.  Numbers  within  the  columns  refer  to 
the  frequency  of  occurrence  in  that  category. 
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the  Van  Dyne  and  Fisser  compilation,  with  a majority  of  the  increases  (5)  in 
the  cat t I e — cat t i e and  horse  comparison.  In  the  plus  5 to  15%  column,  a total 
of  31  PUF  values  are  shown  to  have  been  reduced  over  about  20  years,  the 
majority  of  the  reductions  in  the  shrubs  and  cool-season  grass  plant  groups. 
In  this  column,  the  an ima l-to-an imal  comparisons  are  very  nearly  the  same  as 
shown  by  the  column  totals  of  11,  9 and  11.  The  column  of  minus  15  to  25% 
shows  five  instances  of  increased  PUF  values  while  the  column  marked  <-25 
shows  only  one  PUF  increase  when  the  two  compilations  are  compared.  The 
column  marked  +(15  to  25)%  shows  a total  of  20  instances  of  PUF  values  being 
decreased.  It  is  noteworthy  that  no  changes  were  recorded  for  either  warm- 
season  or  cool-season  forbs  in  this  column.  The  greatest  number  of  PUF  value 
decreases  over  the  time  span  between  PUF  compilations  occurred  in  the  greater 
than  25%  range  (the  column  labeled  > + 25),  a total  of  54,  or  38%  of  all  the 
changes.  The  animal-animal  comparison  of  sheep  versus  sheep  and  goats  showed 
the  greatest  number  of  changes  in  this  category. 

If  the  column  for  plus  or  minus  5%  is  ignored,  it  is  of  interest  to  note 
that  105  instances  of  change  Involved  a decrease  in  the  PUF  values  while  only 
13  show  an  increase.  The  basis  for  such  a change  should  be  examined  in  detail 
(see  suggested  studies  under  Conclusion). 


3 * 2 Interpretation  of  the  Change  in  Proper  Use  Factors 

The  major  conclusion  to  be  drawn  from  the  above  exercise  is  that  PUF 
values  have  been  decreased  in  a substantial  number  of  instances  between  the 
times  of  the  two  compilations.  This  conclusion  must  be  qua!  ified,  however. 
The  old  listing  was  an  extraction  of  information  which  represented  the  means 
of  several  sources  reporting  PUF  values  for  areas  throughout  the  Great  Plains 
region  of  the  US  while  the  Vernal  Utah  PUF  values  were  formulated  specifically 
for  that  BLM  district.  The  data  in  the  old  tabulation  were  compiled  on  an 
animal  aggregation  basis  while  the  new  material  reports  PUF  values  by  six 
specific  animal  species.  Not  every  plant  species  on  the  Verna!  list  was 
represented  in  the  Van  Dyne  and  Fisser  list,  or  if  it  was  shown  there,  it  was 
not  listed  for  the  Great  Plains  region. 

These  qualifications  are  important  and  they  reduce  the  significance  of 
the  information  presented  in  Table  B3.  As  was  noted  earl ier  in  this  report, 
the  methodologies  for  the  formulation  of  PUF  values  appear  to  be  entirely 
lacking  from  the  scientific  literature.  Because  of  this  Sack  and  because  of 
the  seemingly  arbitrary  manner  in  which  these  numbers  are  raised  and  lowered, 

! ittle  credence  can  be  attached  to  them  or  their  use. 


4.0  CONCLUSION 


This  chapter  has  detailed  the  concept,  formulation,  and  expected  use  that 
can  be  made  of  the  Proper  Use  Factor,  PUF.  The  overall  conclusion  is  that 
little  if  any  credibility  can  be  given  to  the  PUF  values  or  the  AUF  values  on 
which  the  former  are  based  owing  to  the  fact  that  their  formulation  is  subject 
to  error  and  lack  of  repeatability. 

In  order  for  the  concept  of  the  PUF  to  gain  scientific  respectability,  a 
thorough  search  of  the  literature  is  required,  particularly  for  reports  on 
grazing-intensity  studies.  Such  studies,  to  be  useful,  would  have  had  to 
include  a list  of  the  plants  grazed  (notice  "plants"  is  plural,  hence  the 
study  was  carried  out  in  a patchy  environment),  the  level  at  which  grazing  was 
allowed  to  occur  (light,  medium,  heavy),  and  the  reports  should  include  both 
qualitative  and  quantitative  measures  of  proper  use.  Of  course  any  studies 
undertaken  in  the  future  should  also  have  the  above  items  in  the  final  report 
or  paper. 

Natural  resource  management  agencies  should  undertake  the  establishment 
of  PUF  formulation  methodologies  and  the  dissemination  of  those 
methodologies. 

As  of  the  moment,  any  PUF  values  encountered,  whether  in  Appendix  II  or 
in  the  literature  or  in  the  BLM  computer  printouts  (e.g.,  as  for  Vernal, 
Utah),  should  be  used  with  caution. 


CHAPTER  C 


A CRITICAL  REVIEW  OF  FORAGE  INTAKE  RATE 


ABSTRACT 


A survey  of  the  literature  on  forage  intake  rates  of  large  domestic  and 
wild  herbivores  was  undertaken  in  order  to  establish  rates  for  use  in 
optimization  forage  allocation  models.  Methods  of  measuring  forage  intake 
rates  are  discussed  and  mention  is  made  of  the  disadvantages  of  using  each 
method.  Forage  intake  rates  for  the  above  mentioned  herbivores  are  tabulated 
as  intake  an imal day”"*  and  as  intake  per  unit  of  metabolic  body  weight 
weight  an ima day”^ . A considerable  body  of  information  exists  on  consump- 
tion rates  derived  from  grazing  trials  for  domestic  sheep  and  cattle,  but 
wildlife  studies,  and  those  for  horses  and  burros  are  represented  in  the 
literature  by  conventional  pen--feeding  trials  or  absent  altogether. 
Recommendations  to  remedy  the  absence  of  such  information  are  made.  Forage 
intake  rates  are  presented  for  various  conditions,  but  averaged  overall  and 
expressed  as  kilograms  per  animal  per  day  are  as  follows:  cattle,  7.5;  sheep, 

1.4;  bison,  6.1;  bighorn  sheep,  1.6;  pronghorn  antelope,  0,8;  deer,  1.9;  elk, 
4.5;  horses,  7.1;  and  burros,  5.0.  The  mean  live  body  weights  in  kilograms 
for  the  animals  in  these  situations  were  343.1,  55.6,  348.0,  62.1,  40.8,  66.9, 
181.4,  378.3  and  unspecified  respectively.  These  intake  rates  and  body 

weights  result  in  the  following  relative  intake  rates  expressed  as  percent 
body  weight:  cattle,  2.2;  sheep,  2.2;  bison,  1.7;  bighorn  sheep,  2.6; 

pronghorn  antelope,  2.1;  deer,  2.2;  elk,  2.4;  horses,  1.7;  and  since  no  body 
weight  was  specified  for  the  one  burro  study  cited,  no  intake  rate  as  percent 
body  weight  could  be  calculated. 
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1.0  INTRODUCTION 


An  article  appearing  in  Science  (Abelson  1980)  points  out  that  in  the 
early  part  of  the  1 980's  the  cost  of  feedlot  fattened  beef  cattle  will  rise 
while  the  profit  to  the  owners  of  feedlots  will  decline.  The  decline  in 
profits  is  regarded  as  a result  of  increased  costs  of  transporting  live  and 
dressed  cattle,  increased  world  demand  for  grain  which  is  used  as  feed  for 
beef  cattle  and  increased  national  demand  for  grain  as  an  alternative  fuel 
source  (gas a hoi).  The  author  further  maintains  that  grain  fed  cattle  require 
about  8 kilograms  of  feed  to  produce  1 kilogram  of  meat,  while  poultry  and 

swine  use  about  2.5  kilograms  of  grain  to  produce  1 kilogram  of  meat,.  Abelson 
contends  that  this  cattle  inefficiency  compared  to  swine  and  poultry,  is 
caused  by  destruction  of  some  of  the  grains'  food  value  by  the  rumen 

microflora.  One  way  to  overcome  this  inefficiency  is  to  make  use  of  cattles' 

natural  ability  to  use  forage  as  food.  Such  a contention  makes  the  study  of 

forage  allocation  to,  and  forage  intake  rates  of,  large  herbivores  a timely 

undertaking. 

As  will  be  shown  in  the  discussion  that  follows,  forage  intake  varies, 
subject  to  the  age  of  the  foraging  animal,  the  physiological  state  of  the 
animal  (pregnant,  lactating,  etc.),  the  nutrient  content  of  the  forage,  the 
moisture  content  of  the  forage,  the  metabolism  of  the  forage  plants  (C3  or  C4) 
and  the  past  history  of  the  grazingland.  Of  course,  forage  intake  is  not  de- 
pendent on  any  one  of  the  above  characteristics  but  on  combinations  of  two  or 
more  of  them.  Methods  of  forage  intake  measurements  are  also  presented  and 
since  half  of  the  forage  allocation  optimization  models  we  have  developed 
require  a measure  of  dispersion  about  the  mean  of  a number  of  the  variables 
a nd  since  the  dispersion  about  a mean  is  due  in  part  to  error  (and  in  part  to 
chance),  the  error  induced  in  measuring  forage  intake  is  discussed. 

Reference  is  made  to  Chapter  A.  That  chapter  presented  twelve 
optimization  models  which  determine  combinations  of  large  herbivores  that 
optimally  utilize  graz i ng I and s . Model  numbers  1 through  6 take  the  expanded 
form: 

Q N F 
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where  1 through  Q is  the  range  of  plant  groups  i,  1 through  F is  the  range  of 
herbivore  species  j,  1 through  N is  the  nimber  of  seasons  k.  The  exponents, 
in  increasing  orders  of  magnitude,  cause  the  mode!  to  favor  a combination  of 
herbivores  whose  combined  diet,  in  proportional  composition,  most  resembles 
the  proportional  plant  group  composition  of  the  range.  The  capability  to 
weight  the  formulation  is  accomplished  by  Wj^.  The  available  forage  is  ex- 
pressed in  terms  of  S the  standing  crop  at  the  beginning  of  the  season,  G the 
gain  in  standing  crop  over  the  season,  the  allowable  use  U of  plant  species  i, 
the  size  of  the  area  under  consideration  H which  is  a constant  and  the 
complement  of  the  loss  L due  to  shattering,  trampling  and  decay.  The  forage 
requirement  is  expressed  as  the  nimber  of  days  in  the  kt^* 1  season  t multiplied 
by  the  diet  preference  D of  the  j1*1  herbivore  in  the  k * ^ season  for  the  i * ^ 
plant  group.  The  decision  variable  X is  the  number  of  herbivores  of  each 
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species  allowed  to  graze  the  range.  The  variable  C,  consumption  or  forage 
intake  rate  of  the  species  is  a major  concern  of  this  report  and  is 
entered  into  the  formulation  as  kilograms  an imal " 1 day"^ . 

We  consider  in  our  study  the  domestic  herbivores  cattle  and  sheep  and 
those  wild  herbivores  indigenous  to  the  range  during  all  or  part  of  the  year. 
Our  purpose  was  to  survey  the  literature  on  forage  intake  and  ascertain  rates 
of  ingestion  and  the  variances  of  these  rates  for  use  in  the  optimization 
models.  Though  we  have  compiled  forage  intake  information  from  many  sources, 
we  realize  our  fists  are  not  complete.  The  data  presented,  however,  is 
representative  of  the  information  available  and  yields  information  necessary 
to  establish  the  initial  conditions  for  our  models. 


A term  used  extensively  herein  needs  description.  Metabolic  body  weight 
(MBW)  is  often  used  to  describe  the  relationship  between  body  size  and  the 
energy  required  to  maintain  that  body.  The  concept  was  developed  from  the 
empirically  realized  sur face-to-area  law,  which  states  that  the  heat  given  off 
by  all  warm  blooded  animals  is  directly  proportional  to  their  surface  area 

(Maynard  and  Loosli  1969).  That  is,  the  volume  of  the  body  varies  to  the  cube 

while  the  surface  area  varies  to  the  square.  The  practice  used  by  some 

investigators  is  to  apply  a decimal  power  to  the  body  weight  as  a unit  of 

reference.  Brody  (1945)  and  co-workers  found  that  over  many  animal  species, 
ranging  in  size  from  0.02  kg  to  4000  kg  (mice  to  elephants),  the  0.734 
expondent  best  related  body  weight  to  basal  metabolism.  Kleiber  (1947)  used 
the  power  0.756  to  obtain  the  best  fit  for  his  data.  Harris  (1966),  under  the 
auspices  of  the  National  Re  search  Co  unc i I , has  prepared  an  extensive  list  of 
weight  and  weight  to  the  0.75  power.  The  convention  is  to  use  the  0.75 
exponent  to  relate  body  weight  and  metabolism,  though  Brody  (1945)  and  Maynard 
and  Loosli  (1969)  report  values  of  0.6  for  dogs  and  0.82  for  mature  rabbits 
and  a reported  range  for  the  exponent  in  the  literature  of  0.62  to  0.70  for 
bird  species.  Cordova  et  al.  (1978)  report  that  there  is  a trend  to  express 
forage  intake  in  terms  of  organic  matter  intake  per  kilogram  of  metabolic  body 
weight. 

The  pertinence  of  this  measure  of  intake  is  twofold.  Firstly,  the 
relationship  between  weight  and  weight  to  the  three-quarter  power  is  not 
S inear;  see  Table  Cl  and  Figure  Cl.  As  can  be  seen  in  Table  Cl,  the  Increment 
for  metabolic  body  weight  between  50  and  100  (pounds  or  kilograms)  is  12.8 
while  the  increment  between  950  and  1000  is  6.7.  Figure  Cl  shows  the  relation 
between  a curve  of  weight  versus  metabolic  body  weight  and  a line  with  a slope 
of  one . 


Secondly,  the  common  an imal-un i t-month  of  animal  stocking  and 
productivity  in  range  management  is  based  on  the  1000  pound  cow— -calf  unit.  A 
recent  series  of  memos  between  the  Bureau  of  Land  Management  (BLM),  the 
National  Cattlemens  Association  and  the  University  of  Nevada  substantiate  the 
use  by  the  BLM  of  an  800  pound  an imal -un i t-mout h for  forage  allocation  in  the 
State  of  Nevada.  Of  importance  here  i_s_  that  a reduction  (or  increase)  of  2(^0 
pounds  does  not  mean  a reduction  (or increase)  of  the  same  magnitude^in 
metabolic  weighty  Careful  attention  should  he  paid  b y resource  management 
agencies  to  this  distinction. 
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Table  Cl.  The  values  of  body  weight  and  body  weight  to  the 
three-quarter  power. 


BODY 

WEIGHT 

1 

50 

100 

150 

200 

250 

300 

350 

400 

450 

500 

550 

600 

650 

700 

750 

800 

850 

500 

950 

1000 


BODY  ^°*75 
WE  1 GHT I 

1 .00 

18.80 

31.62 

42.86 
53.18 

62.87 
72.08 
80.92 
89.44 
57.70 

105.74 

113.57 

121.23 

128.73 

136.09 

143.32 

150.42 

157.42 

164.32 
171.12 
177.83 


Boily  Weiylil 
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Fiqure  Cl.  The  relationship  between  body  weight  and  body  weight 
to  the  three-quarter  power. 


2.0  METHODS  OF  DETERMINING  FORAGE  INTAKE 


There  are  several  methods  of  determining  forage  intake  rates  for  large 
herbivores.  As  Cordova  et  al.  (1978)  point  out  however,  no  method  has  been 
devised  by  which  the  intake  of  grazing  animals  can  be  accurately  quantified. 
Consequently,  some  type  of  estimation  is  required  to  establish  forage  intake 
rates. 

2. 1 Direct  Methods 

This  section  deals  with  direct  methods  of  forage  intake  rate  estimation. 
That  is,  those  methods  which  estimate  intake  rates  without  use  of  chemical 
analyses  or  those  which  do  not  use  regression  equations  established  £ priori 
to  predict  intake  are  considered  herein. 

2.1.1  Occular  Estimation  Method 

The  advantage  of  using  this  method  is  that  little  capital  is  tied  up  in 
equipment;  the  most  expensive  item  usually  is  binoculars.  The  method  works 
best  with  nongr egar i ous  grazing  animals.  Sheep,  for  example,  tend  to  band 
together  while  foraging  and  the  observer  can  lose  sight  of  a particular 
subject  animal.  For  animals  unused  to  the  presence  of  an  observer,  Hughes  and 
Reid  (1951)  suggest  the  use  of  a blind. 

Bjugstad  et  al.  (1970)  consider  three  different  types  of  direct  observa- 
tion: (i)  the  cafeteria  or  free  choice  method,  (ii)  the  feeding  minutes 
method  and  (iii)  the  evaluation  of  grazing  patterns  method.  The  cafeteria 
method  allows  the  animals  to  select  forage  from  equally  accessible  plant 
species  available  in  roughly  equal  amounts.  The  plant  species  are  presented 
to  the  herbivore  in  pure-stands,  bunks,  or  in  dry  lot.  Feeding  animals  may 
then  be  counted  foraging  during  the  grazing  period.  Advantages  are:  (1)  the 
identity  of  forage  plants  is  easily  accomplished  and  preference  ranks  can  be 
determined,  and  (2)  all  species  are  equally  available.  The  disadvantages  are: 
(1)  the  number  of  species  that  can  be  offered  as  forage  is  limited,  and  (2) 
since  species  must  be  grown  in  pure  stands  (or  plots)  in  grazing  trials,  the 
applicability  of  this  method  to  studies  of  mixed  composition  pastures  is 
questionable.  Hurd  and  Blaser  (1962)  contend  that  intake  varies  with  animal 
fill  and  that  direct  observation  does  not  take  this  into  account.  The  method 
has  also  been  criticized  because  the  amount  of  forage  eaten  can  be  poorly 
correlated  to  the  time  spent  grazing  (Jones  1952). 

The  feeding-minutes  method  requires  the  observer  to  watch  and  time  the 
grazing  animal  as  it  feeds  on  each  plant.  The  contribution  of  each  species  to 
the  diet  is  assumed  to  be  proportional  to  the  time  spent  grazing  it.  The 
disadvantage  of  this  method  is  that  with  a scope  or  binoculars,  it  is  diffi- 
cult to  distinguish  between  active  grazing  and  mere  nibbling  (Bjugstad  et  al. 
1970).  Another  approach  was  used  by  Kautz  and  Van  Dyne  (1  978)  in  analyzing 
observational  data  on  grazing  of  pronghorn  antelope.  They  converted  bite 
count  data  to  a weight  basis.  They  used  data  on  the  weight  of  100  simulated 
bites  hand-collected  for  each  plant  species.  Thus,  field  data  on  percent 
bites  was  converted  to  percent  weight. 

The  evaluation  of  grazing  patterns  technique  requires  background 
knowledge  of  grazing  use  on  various  range  types  during  good  conditions  at 
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different  times  of  the  year.  With  that  information,  deviations  from 
established  grazing-use  patterns  show  that  desired  plants  have  been  grazed  and 
have  become  rare.  The  grazing  animal(s)  then  spend  time  searching  for  better 
forage  arid  the  observer  notes  that  a quantity  of  forage  plants  has  been 
removed.  This  method  is  very  poor  for  precisely  measuring  forage  Intake  rate 
and  is  dependent  on  an  experienced  observer. 

Bjugstad  et  al.  (1970)  and  Hubbard  (1952)  contend  that  direct  observation 
of  domestic  livestock  (note  the  word  "domestic")  can  determine  what  species 
and  plant  parts  are  being  consumed,  the  season  of  consumption  (an  obvious 
contention),  where  on  the  range  and  how  the  animals  feed.  The  direct  or 
ocular  methods  ajj>n_e  are  inadequate  to  measure  consumption  precisely  and  are 
not  appropriate  at  all  for  measurements  of  consumption  of  forage  by  wildlife. 

2.1.2  Bite— Count  Method 

The  bite— count  method  requires  that  the  observer  record  the  number  of 
bites  an  animal  takes  of  each  species.  The  definition  of  the  size  of  the  bite 
and  what  constitutes  a bite  is  the  drawback  of  using  this  method.  Reppert 
(1960)  uses  a quantity  called  a "mouthful"  in  hfs  estimates  of  bite  count 

while  Sheppard  (1921)  uses  "jaw  wags"  per  mouthful.  This  method  of  measuring 
forage  intake  is  obviously  somewhat  subjective. 

2.1.3  Clipping 

The  clipping  method  measures  the  total  forage  available  to  animals  on  a 
given  pasture  or  range  by  cutting  sample  strips  over  the  experimental  area  or 
by  clipping  sample  plots  nearby.  The  animals  are  then  allowed  onto  the 
pasture  to  graze.  After  grazing,  the  remaining  forage  is  clipped  and  weighed, 
the  difference  in  weights  between  the  before  and  after  measurements  is  the 
amount  of  forage  consumed.  Schneider  et  a!.  (1955)  consider  two  methods  for 
clipping.  The  first  involves  the  use  of  convenient  size  cage  exciosures  which 
protect  the  herbage.  The  vegetation  within  the  cage  is  cut  to  within  2 inches 
in  height  and  the  cuttings  weighed  to  derive  forage  Intake.  The  other  method 
consists  of  mowing  strips  3 x 30  feet  in  size  to  a height  of  2 inches  with  a 
sickle  bar  mower.  Garrigus  and  Rusk  (1939)  find  two  serious  faults  with  the 
mower  method.  They  contend  that  once  an  area  is  clipped,  no  estimation  is 
made  of  forage  growth  during  the  grazing  period.  Sf  the  forage  is  mature, 
then  this  error  in  intake  estimation  is  small.  They  say,  however,  that  on 
pastures  composed  of  immature  forage  plants,  the  estimation  error  could  be  as 
much  as  10  percent.  Their  second  criticism  of  this  method  is  that  the  strips 
mowed  may  not  be  entirely  representative  of  the  whole  pasture.  This  coupled 
with  the  forage  growth  error  could,  they  say,  result  in  more  forage  available 
at  the  end  of  the  grazing  period  than  at  the  beginning  or  negative 
cons  ump  t i o n . 

The  direct  methods  discussed  above  all  can  be  criticized  as  being  too 
observer  dependent  or  impractical  under  many  rangeland  conditions.  Methods  of 
indirect  estimation  of  forage  intake  are  discussed  next. 

2 . 2 Indirect  Methods 

Indirect  methods  of  estimating  forage  intake  rates  typically  involve  some 
previous  experimentation  and  determination  in  order  to  establish  chemical 
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components  in  forage  or  feces  or  to  develop  mathematical  relationships  between 
pen — feeding  studies  and  grazing  trials. 

2.2.1  Internal  and  External  Indicator  Ratio  Methods 


In  order  to  use  one  of  the  ratio  techniques  to  measure  forage  intake,  two 
indicators  are  required;  an  internal  indicator  to  estimate  the  indigestibility 
of  the  consumed  forage  and  an  external  indicator,  which  is  completely  indi- 
gestible and  used  to  determine  fecal  output  (Reid  and  Kennedy  1956).  Examples 
of  internal  indicators  are  lignin  (Reid  and  Kennedy  1956),  plant  pigments 
(Brisson  et  al.  1954)  and  indigestible  protein  (Forbes  1950).  External  indi- 
cators include  barium  sulfate  (Kane  et  al.  1956),  polyethylene  or  Cerium-144 
(Knapka  et  al.  1967)  and  chromium  oxide  (C^C^)  (Reid  and  Kennedy  1956).  The 
internal  indicator  is  used  for  the  calculation  of  dry  matter  (DM)  digesti- 
bility as  follows: 


DM  digestibility 
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With  digestibility  known,  dry  matter  consumption  using  the  external  indicator 
i s : 
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The  feces  sample  referred  to  in  (3)  means  that  total  fecal  collection  is  not 
necessary.  Rather,  "grab"  samples  may  be  taken  at  appropriate  intervals  and 
the  amount  of  indicator  ascertained. 


Evidence  exists  in  the  literature  of  wide  variability  in  intake  rates 
derived  from  the  use  of  lignin  as  an  indicator.  Wallace  and  Van  Dyne  (1970) 
found  that  lignin,  especially  in  immature  forage  plants  may  be  digested  to  a 
large  extent  by  grazing  animals. 

2.2.2  Fecal  Nitrogen  Index 

The  procedure  for  establishing  a fecal  nitrogen  index  is  as  follows: 
Conventional  feeding  trials  are  carried  out  with  the  desired  species  of 
herbivore  being  given  forages  of  varying  digestibilities.  An  equation  which 
relates  the  concentration  of  an  index  substance  in  the  feces  (X)  and  the 
digestibility  or  feed-to-f eces  ratio  (Y)  is  formulated,  taking  the  form: 

Y = a + bX  (4) 

where  b is  the  slope  of  the  regression  and  a is  the  y-intercept.  Fecal 
samples  from  grazing  animals  are  analyzed  and  the  index  substance  concen- 
tration determined.  That  concentration  is  then  substituted  into  the  estab- 
lished equation  and  the  digestibility  or  feed-to-f eces  ratio  predicted. 

The  fecal  nitrogen  index  requires  the  measurement  of  the  nitrogen  content 
of  the  feces.  The  assumption  is  that  fecal  nitrogen  is  of  body  origin  and 
that  metabolic  fecal  nitrogen  is  excreted  in  proportion  to  the  amount  of  dry 
matter  consumed  and/or  digested  (Cordova  et  al.  1978). 
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Perhaps  the  primary  difficulty  in  using  fecal  indices  is  the  initial 
formulation  of  the  regression  equation.  In  order  for  it  to  be  accurate,  the 
forage  offered  the  pen— fed  animals  must  be  the  same  in  species  composition 
and  proportion  and  in  the  same  pheno  S og  i ca  I stage  as  the  forage  plants  found 
on  the  range.  Ideally,  once  a regression  equation  has  been  established,  it 
can  be  used  for  all  similar  animals  and  pastures.  However,  fecal  nitrogen 
Index  regressions  are  reported  to  vary  according  to  the  season  of  the  year 
(Minson  and  Kemp  1961,  Streeter  1969,  Lambourne  and  Reardon  1962).  Wallace 
and  Van  Dyne  (1970)  have  discussed  some  of  the  problems  found  in  using  results 
gained  from  digestion  trials  to  estimate  digestibility  in  freely  grazing 
herbivores.  Other  sources  of  error  are  differences  in  domestic  livestock 
breeds,  age  and  physiological  state  of  the  animals,  poor  record  keeping  (Baker 
1964)  and  the  fact  that  the  method  is  used  most  often  with  improved  pastures, 
not  on  rangelands.  Streeter  ( 1 969)  also  co  mm  ents  on  the  lack  of 
standardization  in  reporting  results;  some  workers  report  digestible  organic 
matter  using  fecal  nitrogen  content  and  others  report  feed-to- feces  ratios 
using  fecal  nitrogen  content. 

Even  with  the  above  mentioned  errors,  relationships  between  feed-to-f eces 

ratios  (FF)  and  fecal  nitrogen  (N)  are  widely  used.  Mu S t i p S e regressions 
using  fecal  output  (F)  and  the  product  of  fecal  output  and  nitrogen  concen- 
tration (FN)  as  well  as  f eed-to-f e c e s ratios  as  independent  variables  have 
been  developed  to  deal  with  special  circumstances  and  in  order  to  standardize 
the  formulations  used.  Arnold  and  Dudzinski  (1963),  for  example,  developed 
the  quadratic  expression,  Intake  - 17.2  + 0.2FN  + Q„2FM^  - 3.8N,  for  cattle 
grazing  improved  pastures  in  Australia. 

Finally,  Cordova  (1977)  concludes  that  the  fecal  nitrogen  method  is 
better  suited  to  studies  of  digestibility  than  for  forage  intake  estimates. 

2.2.3  Total  Fecal  Collection 

The  total  fecal  collection  method  of  forage  intake  estimation  requires 
complete  records  of  the  feed  or  forage  consumed  and  the  total  collection  of 
feces.  Forage  consumption  is  then  calculated  by  combining  measurements  of 
fecal  output  with  determinations  of  digestibility  of  the  forage  species 
(Cordova  et  a I . 1978).  Digestibility  may  be  determined  by  s amp les  coSSected 
from  esophagea I — f i s tu 1 at ed  animals  or,  if  a suitable  regression  equation  is 
available,  from  the  fecal  nitrogen  index  (Arnold  and  Dudzinski  1963). 

Kartchner  (1975)  subjectively  estimated  that  one  fecaS  output  measurement 
required  about  70  man  hours  of  field  work.  Cordova  et  al.  (1978)  say  this  is 
probably  a valid  figure  if  all  the  details  of  the  measurement  (cleaning, 
weighing  and  changing  fecal  bags,  adjustment  of  the  collection  harnesses, 
etc.)  are  considered.  Another  disadvantage  is  reported  abberant  feeding 
behavior  exhibited  by  harnessed  animals  and  on  the  harnessed  animals’ 
physiology.  This  effect  of  the  total  collection  apparatus  appears  to  be 
largely  anecdotal  as  Cordova  et  al.  (1978)  list  some  seven  references  where 
animals  were  harnessed  and  bagged  for  Song  periods  with  no  apparent  adverse 
effects.  Cordova  concludes  "that  total  fecal  collection  may  still  be  the 
procedure  of  choice  under  many  situations,  in  spite  of  its  relatively  arduous 
and  time-consuming  disadvantages." 
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Parenthetically,  another  method  of  measuring  forage  intake  that  bears 
some  resemblance  to  total  fecal  collection  should  be  mentioned.  It  is  called 
"Erizian's  Method"  and  requires  initial  weighing  of  an  animal  prior  to  being 
turned  out  to  pasture.  Thereafter,  attendants  follow  the  animal,  collecting 
feces  and  urine.  The  animal  is  weighed  again  at  the  end  of  the  grazing 
period.  Insensible  heat  loss  due  to  resting,  walking  and  grazing  is 
calculated  and  added  to  the  final  weight  of  the  animal  plus  the  animal  waste. 
The  initial  weight  of  the  animal  is  then  subtracted  from  that  number,  giving 
the  weight  of  the  forage  consumed.  Schneider  et  al.  (1955)  consider  this 
method  dependent  on  the  accuracy  of  the  insensible  heat  loss  calculation. 
They  also  say  the  method  seems  to  be  the  most  scientific  and  perfect,  but  not 
of  much  practical  use.  The  technique  is  expensive  and  cannot  be  considered  to 
subject  grazing  animals  to  normal  conditions,  since  they  are  "constantly 
followed  around  day  and  night  by  attendants  carrying  scoops  and  pails  who 
hurriedly  approach  the  experimental  animals  at  the  first  sign  of  defecation  or 
u r i n a t ion." 


3.0  ESTIMATES  OF  FORAGE  INTAKE 


The  values  for  forage  intake  presented  in  this  section  have  undergone 
some  manipulation  prior  to  analysis.  Very  often  researchers  design  an 
experiment  to  answer  one  specific  question,  viz.  "What  is  the  forage  intake 
rate  for  sheep?"  They  measure  the  intake,  perhaps  by  clipping  or  mowing,  and 
answer  the  question  posed.  For  purposes  of  the  present  review  though,  animal 
weight  must  also  be  reported  for  a paper  to  provide  complete  and  useful 
information.  Oc c a s s i o n a I I y , researchers  report  forage  intake  rate  as  a 
percent  of  total  body  weight,  but  the  forage  weight  itself  or  the  weight  of 
the  animaf(s)  used  in  the  study  is  not  reported.  Consequently,  neither  the 
forage  weight  nor  the  animal  weight  can  be  calculated.  Perhaps  the  most 
distressing  feature  in  the  body  of  literature  about  forage  intake  rates  are 
the  papers  that  report  forage  intake  weight  and  animal  weight  but  neglect  to 
report  the  number  of  animals  used  in  the  study.  Then  there  are  the  papers 
that  report  the  requisite  information  but  allow  that  an  animal  died  during  the 
study,  a sampling  period  was  missed,  or  there  was  equipment  malfunction  during 
the  study.  These  problems  lead  to  a statistical  nightmare  when  one  attempts 
to  weight  and  analyze  the  reported  values  for  forage  intake  and  make 
inferences  from  the  statistics  derived  therefrom.  One  can  only  assume  that 
the  difficulty  and  expense  involved  in  measuring  forage  intake  causes  many 
workers  to  publish  the  information  they  have,  even  though  that  information  is 
at  t imes  i ncomp  S ete . 

The  method  of  reporting  forage  intake  rates  is  another  problem  when 
compiling  consumption  data.  Some  rates  are  reported  as  organic  matter  intake 
(OMS),  digestible  organic  matter  intake  ( DOM  I ) , dry  matter  intake  ( DM  I ) , 
metabolic  body  weight  (MBW)  , and  pounds  and  kilograms.  The  literature  on 
forage  intake  spans  a considerable  number  of  years  and  in  that  time,  units  in 
which  forage  intake  are  reported  have  varied.  Examples  include  amount  of  DM  I 
or  OM I in  relation  to  body  weight  (Langlands  1968);  percent  body  weight 
(Van  Dyne  and  Meyer  1 964);  pounds  or  kilograms  an  ima!  ” ^ day”'1'  (Cook  et  a!. 
1 962,  1 972);  pounds  per  100  pounds  of  body  weight  ( BW)  (Streeter  e£  aS  . 1968); 
kilograms  per  100  kilograms  of  BW;  grams  per  kilogram  MBW  (Scales  1 972  ) and 
grams  per  kilogram  BW  (Bishop  et  al  . 1975  ).  Nevertheless,  we  have  attempted 
to  summarize  and  interpret  forage  intake  rate  data  for  large  grazing 
herb  ivores . 

The  values  for  forage  intake  presented  in  tabular  form  in  this  section 
show  animal  type,  the  kind  of  feed  or  pasture  (in  the  case  of  grazing  trials) 
used,  the  body  weight  of  the  animal  in  pounds  and  kilograms,  the  exponent  used 
to  calculate  metabolic  body  weight  and  the  metabolic  body  weight.  In 
instances  where  an  exponent  was  not  reported,  it  was  assumed  to  be  0.75.  The 
tables  further  represent  the  corresponding  forage  intake  rate  in  pounds 
an  ima!-1  day”'1  , kilograms  an  imal -”1  day"”1  ,,  grams  per  kilogram  of  MBW  animal”^ 
day-”1,  and  percent  body  weight  an  imal " * day”1  . Any  qualifications,  stipula- 
tions, or  designations  deemed  necessary  to  the  presentation  of  the  data  are 
noted.  The  season  and  location  of  the  study  and  finally  the  reference  from 
which  the  data  were  taken  are  shown.  In  cases  where  information  for  forage 
intake  or  body  weight  was  missing,  it  was  supplied,  where  possible,  by  the 
judicious  use  of  a hand  calculator. 

To  circimvent  the  problems  of  omission  of  data,  each  forage  intake  rate 
entered  in  a table  was  considered  to  have  equal  weight  with  all  other  values 
in  our  statistical  analyses  unless  otherwise  noted. 
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In  the  cases  of  the  domestic  sheep  and  cattle,  an  extensive  literature  on 
forage  intake  exists.  An  important  consideration  for  the  purposes  of  our  use 
of  this  information  in  optimization  models  is  the  normal  ity  of  the  distribu- 
tion of  the  values.  In  several  instances  below,  the  forage  intake  rates  are 
plotted  against  the  normalized  scores  for  those  rates.  The  normal  scores  and 
plots  were  producted  by  MINITAB  II  (Ryan  et  al.  1978).  The  interpretation  is 
if  the  resultant  plot  is  a straight  line,  the  values  belong  to  a normal  dis- 
tribution. The  MINITAB  II  routine  which  accomplishes  this  manipulation 
(called  NSCORES ) is  based  on  work  by  Fi I I iben  (1  975  ),  Shapiro  and  Wi  l k (1  965  ), 
and  Shapiro  and  Francia  (1972).  Essentially,  MINITAB  ranks  the  vector  of  raw 
data  and  compares  it  to  the  distribution  of  a standard  normal;  a distribution 
with  a mean  of  zero  and  standard  deviation  of  one.  As  an  example,  a 
distribution  of  100  data  points  would  have,  if  normal,  68%  of  the  data  points 
within  one  standard  deviation  of  the  mean  and  95%  of  the  data  points  within 
two  standard  deviations  of  the  mean.  The  ordered  vector  of  raw  data  is 
compared  to  the  expected  distribution  using  percentages  of  the  standard  normal 
and  the  normal  scores  are  assigned  accordingly.  The  correlation  coefficient 
is  then  used  to  ascertain  significance.  Bear  in  mind  that  the  correlation  is 
not  between  the  original  data  and  the  normal  scores  but  between  the  ordered 
vector  of  original  data  and  a truely  normal  distribution  of  points  which,  when 
normalized  would  fall  on  a straight  line  that  would  pass  through  the  origin 
and  the  mean  of  the  normal  scores.  We  used  this  tool  extensively  in  the 
analysis  of  cattle  and  sheep  intake  data. 

3.1  Domestic  Herbivores 


This  subsection  considers  domestic  livestock,  cattle  and  sheep.  Except 
where  specified,  forage  intake  rates  are  derived  from  grazing  trails. 

3.1.1  Cattle 

Some  58  forage  intake  rates  for  cattle  ( Bos  sp.)  are  presented  in  Table 
C2.  As  mentioned  above  however,  some  information  is  not  reported  in  several 
of  the  cited  papers.  For  example,  Baker  (1976)  reports  forage  intake  as 
percent  body  weight  while  Connor  et  al.  (1963)  and  Greenhalgh  and  Reid  (1969) 
report  forage  intake  rates  but  do  not  specify  animal  body  weight.  Streeter  et 
a!.  (1968)  report  forage  intake  rates  per  100  pounds  body  weight.  The  various 
ways  of  expressing  forage  intake  mean  that  the  following  sections  use 
different  nunbers  for  the  statistical  analysis  of  the  intake  rates. 

3. 1.1.1  Metabolic  Body  Weight  (IVBW)  . The  values  given  for  metabolic  body 
weight  (MBW)  in  Table  C2  were  calculated  by  taking  the  three-quarter  power  of 
the  body  weight  where  no  metabolic  body  weight  was  calculated  in  the 
reference.  In  some  instances  (Corbett  et  al.  1963,  Holms  et  al.  1961), 
metabolic  body  weight  was  figured  using  body  weight  to  the  0.73  power.  The  33 
values  tabulated  for  metabolic  body  weight  have  a mean  of  78.0  kg  and  standard 
deviation  of  14.06.  The  minimum  value  of  48.5  kg  was  reported  by  Holms  et  al . 
(1961)  for  calves  in  England  in  Sate  summer.  The  maximum  value  of  108.5  kg 
came  from  Holms  and  Osman  (1  960)  for  a dairy  cow  experiment  in  England. 

3. 1.1. 2 Kilograms  An  imal  Da  y~~^  . Table  C2  lists  44  entries  for  cattle  for 
forage  intake  as  kilograms  per  animal  per  day.  The  mean  (reported  over  a 
range  in  some  studies)  of  the  reported  value  is  7.0  to  7.9  kg  an imal day-1 
with  a midpoint  of  7.5  kg  an imal day~^ . The  standard  deviation  is  2.64  to 


Table  C2 . Reported  forage  intake  rates  for  domestic  cattle  derived  from 
grazi ng  trials. 
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REPORTED 

as 

REMARKS 

SEASON 

LOCATION 

REFERENCE 
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3.00  while  the  minimum  and  maximum  reported  values  are  1.95  and  17.9  kg 
an ima I day” ! respectively.  Kartchner  (1975)  reports  the  highest  intake  rate. 
He  dealt  with  lactating  animals.  Moran  (1976)  reports  a range  of  rates,  the 
low  end  of  the  range  (1.95  kg  an ima I _i day™* ) beihg  the  lowest  reported  value 
in  Table  C2.  A plot  of  forage  intake  rate  in  kilograms  an ima I day”^  versus 
the  normalized  scores  of  intake  rate  in  kilograms  of  forage  an ima I day”^  is 
shown  in  Figure  C2.  (Where  a range  of  consumption  values  was  reported  in  a 
study,  as  In  the  case  of  Moran  (1976),  the  mid-point  of  the  range  was  used  in 
the  normalized  scores  plot.  This  convention  is  followed  in  all  subsequent 
plots.) 

3 * 1 • 1 - 3 Grams  per  kilogram  MBW  An ima I Day”^ . There  are  52  entries  in  Table 
C2  which  report  forage  intake  as  grams  per  kilogram  MBW  an ima I day”^ . (It 
should  be  remembered  that  not  every  reference  with  such  an  entry  supplied  this 
information.  The  values  for  this  rate,  in  many  instances,  were  calculated  from 
data  in  the  article.)  The  mean  rate  of  intake  ranged  from  84.6  to  94.2  grams 
kg”^  MBW  with  a midpoint  in  the  range  of  89.4.  The  standard  error  was  a range 
of  31.6  to  30.3  respectively.  This  indicates  that  the  upper  range  of  values, 
when  used  to  calculate  standard  error,  gave  less  dispersion  about  the  mean  and 
were  more  closely  in  accord  with  papers  reporting  one  value.  The  minimum  for 
this  rate  was  reported  as  31.2  g kg”^  MBW  (for  a calf)  and  the  maximum  was 
204.2  g kg”!<  MBW.  A plot  of  forage  intake  in  grams  per  kilogram  of  MBW 
an ima I ” ® day"^  versus  the  normalized  scores  for  this  distribution  is  shown  in 
Figure  C3.  The  plotted  points  fall  nearly  on  a straight  line,  indicating  more 
normality  in  this  distribution  than  in  the  previous  normalized  plot.  It  is 
reasonable  to  expect  such  a result  since  the  forage  intake  is  in  this  instance 
a ratio  of  intake  to  body  weight. 

3. 1.1. 4 Percent  Body  Weight.  For  the  38  entries  in  Table  C2  which  report 
forage  intake  as  a percentage  of  body  weight,  the  mean  was  2.21  pecent  with  a 
standard  deviation  of  0.59.  The  maximum  and  minimum  were  3.6  and  0.96 
respectively. 

A plot  of  forage  intake  in  percent  body  weight  versus  the  normalized 
scores  of  forage  intake  is  shown  in  Figure  C4 . Since  it  again  shows  forage 
intake  as  a ratio  of  body  weight,  the  points  on  the  plot  line  up,  indicating  a 
high  degree  of  normality. 

A summary  of  the  information  in  Table  C2  is  presented  in  Tabie  C3. 

A plot  of  forage  intake  in  percent  body  weight  versus  body  weight  (in 
kilograms)  is  shown  in  Figure  C5 . This  plot  emphasizes  the  variances  in 
forage  intake  rates.  The  correlation  coefficient  between  percentage  body 
weight  and  body  weight  is  0.078;  virtually  no  correlation.  Yet,  Figure  5 does 
show  a clustering  along  a line  with  a slope  of  zero  at  the  mean  forage  intake 
rate  of  2.2%. 


3.1.2  Sheep 

Some  55  reports  of  forage  intake  rates  for  domestic  sheep  ( Ov i s a r i e s ) 
are  shown  in  Table  C4 . Again,  not  every  reference  reported  supplied 
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Figure  C2.  Forage  intake  rates  for  cattle  expressed  as  kilograms 
animal"1  day”1  versus  the  normalized  scores  of  kilo- 
grams  animal”1  day”1. 
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Figure  C3.  Forage  intake  rates  for  cattle  expressed  as  grams  per 
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Figure  C4„  Forage  Intake  rates  for  cattle  expressed  as  percent  body 
weight  animal  1 day"1  versus  the  normalized  scores  of 
percent  body  weight  animal”1  day"1.. 
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Table  C3.  Summary  of  forage  intake  rates  for  cattle. 


Number  of  entries  in  Table  2 = 53. 

Number  reporting  metabolic  body  weight  = 33. 
mean  = 73.0 

standard  deviation  = 14.06 
mini mum  reported  value  = 43.5 
maximum  reported  value  = 108.5 

Number  reporting  body  weight  = 33 

mean  = 343.1  kg 
standard  deviation  = 37. 9 
minimum  reported  value  = 204.1  kg 
maximum  reported  value  = 539.6  kg 

Number  reporting  kilogram  an ima I day-^  = 44 

mean  = 7.0  to  7.9  mean  range  midpoint  = 7.5 

standard  deviation  = 2.64  to  3.00 
minimum  reported  value  = 1.95 
maximum  reported  value  = 17.9 

Number  reporting  grams  per  kilogram  of  metabolic  body  weight  = 52 

mean  = 84.6  to  94.2  mean  range  midpoint  = 89.4 

standard  deviation  = 31.57  to  30.34 
minimum  reported  value  = 31.2 

maximum  reported  value  = 204.2 

Number  reporting  % body  weight  = 33 

mean  = 2.21 

standard  deviation  = 0.59 
minimum  reported  value  = 0.96 
maximum  reported  value  = 3.6 
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Table  Ck. 


Reported  forage  intake  rates  for  domestic  sheep  derived  from 
grazi ng  t ri al s „ 


' 1 — 

FOxAGc  INTAKE 

AN  1 MAI 

PASTURE  TYPE 

300Y  WEIGHT 

M8W'  1 

M8W'  1 

(an i ma 1 * -day" 

1 bs 

kg 

(kg) 

exconen t 

1 bs 

kg 

g/kgM8W 

i,  3W 

Sheep 

Various  experiments 

136.5 

61.9 

22. 1 

0.75 

3.0 

1.36 

61.5 

2.2 

Sheep 

A 1 fa  1 fa 

100.3 

45.7 

17.6 

0.75 

1.19 

0.54 

30.7 

1.2 

Whether 

Grass  £ clover 

77.1 

35.0 

1 4 . 4 

0.75 

1.21 

0.55 

38.2 

1.6 

Whether 

Grass  £ clover 

99.3 

45.3 

16.2 

0.73 

1.73 

0.31 

49.9 

1.3 

Whether 

Grass  £ hay 

110.0 

50.0 

18.8 

0.75 

1 .90 

0.37 

46.3 

1.7 

Sheep 

Clover  oasture 

1 10.0 

50.0 

18.3 

0.75 

2.97 

1.35 

71.6 

2.7 

1 10.0 

50.0 

i8.3 

0.75 

1 .98 

0.9 

47.3 

4 . U 
1.8 

1 10.0 

50.0 

18.3 

0.75 

1.54 

0.7 

37.1 

1.4 
1 .9 

Sheep 

Ryegrass  clover 

129.4 

53.7 

20.9 

0.75 

3.74 

1.69 

31.2 

2.9 

Sheep 

Annual  grass-shrub 

101.4 

46.0 

17.7 

0.75 

1.69 

0.77 

43.3 

1.67 

Sheep 

Mountain  brush-grass  range 

141.3 

64.0 

22.6 

0.75 

3.37 

1.76 

77.7 

2.75 

153.7 

72.0 

24.7 

0.75 

3.08 

1 .A0 

56.5 

1.95 

Sheep 

Shortgrass  prai rie 

31.5 

37.0 

15.0 

0.75 

1 .55 

0.70 

46.9 

1.9 

Sheep 

Annual  grass-shrub 

97.0 

44.0 

17.1 

0.75 

?..!•< 

0.?3 

57.3 

2.24 

Sheep 

Perennial  ryegrass  clover 

147.3 

66.3 

23.4 

0.75 

3.81 

1.73 

73.8 

2.6 

Sheep 

Annual  grass-shrub 

9^.3 

43.0 

16.3 

0.75 

1.67 

0.76 

' 45.1 

1.77 

Sheeo 

Salt  desert  shrub  range 

133.9 

63.0 

22.4 

0.75 

3.39 

1.5A 

63.6 

2. 45 

133.9 

63.0 

22.4 

0.75 

3.59 

1 .53 

72.3 

2.59  | 

1 33.9 

63.0 

22.4 

0.75 

2.60 

M3 

52.7 

1.37 

133.9 

63.0 

22 . 4 

0.75 

3.10 

1 .A0 

62.5 

2.23 

133.9 

63.0 

22.4 

0.75 

2.60 

1.13 

52.7 

1.37 

Sheep 

Salt  desert  shrub  range 

1 33.9 

63.0 

22.4 

0.75 

4.51 

2.05 

91.5 

3.25 

133.9 

63.0 

22.4 

0.75 

3.07 

1 .39 

62. 1 

2.21  j 

133.3 

63.0 

22.4 

0.75 

2.33 

1.2S 

57. 1 

2.04 

133.3 

63.0 

22.4 

0.75 

3.49 

1.53 

70.5 

2.51  1 

138.3 

63.0 

22 . 4 

0.75 

4.61 

2.09 

93.3 

3-32  ; 

133.9 

63.0 

22.4 

0.75 

4.19 

1 .09 

34.3 

3.02  | 

Sheep 

Clover  £ annual  grasses 

99.2 

45.0 

17.4 

0.75 

2. 18 

0.99 

56.9 

2.2 

Sheep 

Sagebrush  grass  range 

90.4 

41.0 

16.2 

0.75 

3.16 

1.2*3 

88.3 

3.5 

Sheep 

Range  1 and 

2.2-3.4(cwt)b) 

1-1 .5 (45kg) 

57.0-38.0 

Sheep 

Range  1 and 

130.1 

59.0 

21.3 

0.75 

3.25 

1.47 

59.0 

2.5 

130.1 

59.0 

21.3 

0.75 

3.25 

1.47 

69.0 

2.5 

130.1 

59.0 

21.3 

0.75 

2.36 

1.30 

61 .0 

2.2 

130.1 

59.0 

21.3 

0.75 

3.51 

1.59 

74.6 

2.7  ! 

130. 1 

59.0 

21.3 

0.75 

3.90 

1.77 

83. 1 

3.0  | 

130.1 

59.0 

21.3 

0.75 

2.99 

1.36 

63.7 

2.3 

130.1 

59.0 

21.3 

0.75 

3.12 

1.42 

66.4 

2.4  | 

130.1 

59.0 

21.3 

0.75 

3.64 

1.55 

77.5 

2.3  j 

Sheep 

Mature  Lolium  pasture 

1.71 (cwt) 

0.78(45kg) 

44. 1 

j 

Sheeo 

Perennial  ryegrass 

1 .1-4.7 

0.5-2.12 

24.3-94.5 

1 

Sheep 

Pas  ture 

72.8 

33.0 

13.3 

0.75 

1 .4-2.0 

0.55-0.92 

4«.3-70.5 

2.0-2. 3 , 

j Sheep 

Ryegrass  £ clover 

123.6 

53.3 

21.1 

0.75 

2.7 

1.24 

58.9 

2.13 

147.3 

66.3 

23.4 

0.75 

2.5 

M3 

48.4 

1.69  | 

139.3 

63.4 

22.5 

0.75 

1.7 

0.76 

33.3 

1.20 

147. 1 

66.7 

23.3 

0.75 

1.3 

0.32 

35.4 

1.23  ! 

! Sheep 

Seeded  pasture 

73.3 

33.5 

13.9 

0.75 

0.95 

0.43 

30.9 

1.29  ! 

Sheep 

Native  oasture 

2. 1-2.3 

0.95-1.25 

63.3-78.6 

i 

Sheeo 

Phalarisj  Trifolium  pasture 

1 .3-2.2 

0.6-0.98 

4.3-56.1 

1 

Sheep 

Nat i ve  grass  1 and 

2. 0-2. 4 

0.93-1.1 

53.2-62.9 

] 

Sheeo 

Improved  grassland 

1 .6-2.3 

0.74-1.04 

A2.3-59.5 

i 

| Sheep 

Desert  range 

2. 5-3. 2 

1.1-1. 5 

65.7-33.3 

i 

Sheep 

1 rr i gated  a 1 fa  1 fa 

1 .0 (cwt) 

0.45 (45kg) 

26.0 

Sheeo 

Perennial  £ annua  1 . pas tures 

1.37-3.13 

0.62-1.42 

39-7-73.3 

^metabolic  body  weight  3^p er  hundred  pounds  body  weight 
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Table  Ck.  (Continued) 


1 ' " 

REPORTED 

as 

REMARKS 

SEASON 

LOCATION 

REFERENCE 

various 

Reports  on  many  papers 

Various  studies 

various  studies 

Baker  1564 

D0MI 

Yearlong 

Aus  t ra  1 i a 

Langlands  S Donald  1977 

j D0MI 

3 year  study 

Vear  long 

Wes  te  rn  Aus  t ra 1 i a 

Arnola  £ Dudzinski  1967 

D0MI 

Aus t ra 1 i a 

Langlands  1968 

i DMI 

Scotland 

Greenhalgn  £ Reid  1971 

Early  spring 

Wes te  rn  Aus  t ra 1 i a 

Fe 1 s e t a 1 . 1959 

Animal  weight  not  specified 

September 

October 

December 

Animal  weight  not  specified 

December 

3MI 

F.arly  summer 

Engl  and 

Hadjipieries  et  al.  1965 

Early  summer 

Northern  California 

Van  Dyne  & Meyer  1964 

Lactating  ewes 

S umme  r 

Northern  Utah 

Cook  et  al . 1961 

Dry  ewes 

S umme  r 

Northeast  Colorado 

Rice  et  a 1 . 1974 

Mi ds  umme  r 

Northern  California 

Van  Dyne  5 Meyer  1964 

Late  summer 

Engl  and 

Hadjipieries  et  al.  1965 

Late  summer 

Northern  California 

Van  Dyne  & Meyer  1964 

Wi  nter 

Western  Utah 

Cook  et  al . 1953 

Mixed  diet 

Winter 

Western  Utah 

Slack  sage  dominant  in  diet 

Winter 

Western  Utah 

Winter 

Southwest  Utah 

Range  in  poor  condition 

'Winter 

Southwest  Utah 

DMI 

Heavy  range  use 

Wi  nter 

Mi  1 lard  County  Utah 

P i eper  e t a 1 . 1959 

OM 1 

Light  range  use 

W inter 

Millard  County  Utah 

DMI 

Heavy  range  use 

Wi  nter 

Millard  County  Utah 

DMI 

Heavy  grazing 

Winter 

Millard  County  Utah 

DMI 

Light  range  use 

Winter 

Millard  County  Utah 

OMI 

Light  grazing 

Millard  County  Utah 

Yearlong 

Aus  t ra  1 i a 

Arnold  et  al . 1964 

DMI 

' 

Novembe r-Ap ri 1 

Westcentral  Utah 

Cook  & Harris  1950 

DMI 

Winter 

Utah 

Cook  & Harris  1951 

DMI 

Smother  weed  dominant 

Spri ng-summer 

Utah 

Cook  et  a 1 . 1956 

DMI 

Russian  thistle  dominant 

OMI 

Western  wheatgrass  dominant 

DMI 

Tall  wheatgrass  dominant 

DMI 

Intermediate  wheatgrass  dominant 

DMI 

Beardless  wheatgrass  dominant 

j DMI 

Pubescent  wheatgrass  dominant 

OMI 

Crested  wheatgrass  dominant 

OMI 

Austra 1 i a 

Vercoe  & Pearce  1961 

O0MI 

Eng  1 and 

Young  6 Newton  1974 

3MI 

! 

Aus  t ra 1 i a 

Donne ly  et  a 1 . 1974 

: 00m  i 

Wi  nter 

Aus  t ra 1 i a 

Pearce  et  a 1 . 1962 

D0MI 

Spri ng 

Aus t ra 1 i a 

D0MI 

Sumner 

Aus  tra  i i a 

i D0MI 

Fal  1 

Aus  t ra 1 i a 

3MI 

Aus  t ra  1 i a 

Langlands  1969 

0MI 

Austral i a 

Langlands  5 Bowles  1974 

D0MI 

Aus t ra 1 i a 

Arnold  1975 

03m  1 

Ca 1 i forn i a 

Wilson  1971 

D0MI 

Ca  1 i forn  i a 

| 

Poor  to  good  range  condition 

Utah 

Cook  et  al . 1962 

New  Mex i co 

Orcasberro  1974 

Range  reflects  extremes  of  stocking 

Aus  t ra 1 i a 

Arno  Id  et  a 1 . 1964 

1 

rates 

lb 


information  for  al!  colunns  in  the  table.  Where  possible  we  calculated  the 
appropriate  values  from  the  data  presented  by  the  original  authors.  Note  is 
made  of  the  papers  by  Pels  et  al.  (1  959)  and  Cook  et  ai.  (1  953,  1 956  ).  Each 
study  reports  a single  body  weight  of  the  animals  used  in  the  experiments  even 
though  several  variables  were  tested.  Because  the  body  weights  are  reported 
this  way,  a number  of  normal  scores  tests  were  not  performed  on  the  sheep 
data. 

3. 1.2.1  Metabol  ic  Body  Weight.  The  average  of  the  metabolic  body  weights  is 
20.3  kg  (n  = 43)  and  the  standard  deviation  is  2.90.  The  minimum  tabulated 
body  weight  is  13.8  (derived  from  a paper  by  Donnely  et  al.  1974)  while  the 
max  imum  tabulated  MBW  was  24. 7 kg  from  the  work  of  Cook  et  al.  (1961).  The 
average  body  weight  tabulated  was  55.6  kg  with  a standard  deviation  of  10.16 
and  a minimum  and  maximum  of  33  kg  and  72  kg  respectively. 

3. 1.2. 2 Kilograms  An imal Da y~^ . Some  50  values  for  forage  intake,  expressed 
as  kilograms  an ima I d ay~^  are  tabulated  in  Table  4.  They  range  from  a mini- 
mum a minimum  of  0.43  kg  reported  by  Langlands  (1969)  to  a maximum  of  2.12  kg 
reported  by  Young  and  Newton  (1974).  Since  several  authors  reported  ranges  of 
forage  intake,  the  means  and  standard  errors  ranged  from  1.16  + 0.42  to  1.25  + 
0.41 . 


A plot  of  forage  intake  for  sheep  expressed  as  kilograms  an imal d ay“^ 
versus  the  normalized  scores  for  kilograms  an imal ~ * day-^  is  shown  in  Figure  C6. 
The  figure  does  not  show  linearity  indicating  the  data  are  not  normally 
distributed. 

3. 1.2. 3 Grams  per  Kilogram  MBW  An imal  Da y~^ . Table  C4  shows  53  entries  for 
forage  intake  for  sheep  expressed  as  grams  per  kilogram  MBW  an imai day-^ . 
Again,  a range  of  values  was  reported  by  several  authors  giving  a range  of  the 

mean  and  standard  deviation  of  57.6  + 17.29  to  62.0  + 17.76.  The  minimum  and 

maximum  tabulated  values  are  24.3  and  94.5  respectively.  Using  the  midpoint 

of  the  mean  range,  where  necessary,  a plot  of  forage  intake  for  sheep  in  grams 

per  kilogram  MBW  an  imal  day”'1'  versus  the  normal  ized  scores  for  this  way  of 
reporting  intake  rates  is  shown  in  Figure  Cl.  As  may  be  seen,  the  curve 
follows  a near  straight  line,  giving  an  indication  that  reporting  forage 
intake  as  a ratio  of  intake  to  body  size  produces  estimates  that  are  members 
of  a normal  distribution. 

3. 1.2.4  Percent  Body  Weight.  Forage  intake  in  Table  C4  for  sheep  expressed 
as  percent  of  body  weight  yields  a mean  of  2.20  to  2.22  with  standard 
deviations  of  0.57  to  0.58,  and  maximum  and  minimum  values  of  3.32  and  1.20 
respectively.  A plot  of  percent  body  weight  versus  the  normal  ized  scores  for 
percent  body  weight  is  shown  in  Figure  C8.  As  this  expression  of  forage 
intake  is  a ratio  of  intake  to  body  size,  the  curve  in  Figure  C8  is  straight, 
indicating  a normal  distribution. 

A summary  of  forage  intakes  for  sheep  is  shown  in  Table  C5. 

3.1.2. 5 Pen— Feeding  Studies.  A representative  sample  of  4 feeding  trials 
for  sheep  was  selected  from  the  literature  to  compare  with  the  forage  intake 
rates  shown  for  sheep  in  Table  C4.  The  values  reported  in  those  studies  are 
tabulated  in  Table  C6.  The  average  body  weight  in  kilograms  is  55.1  which  is 
is  within  the  standard  deviation  of  the  mean  body  weight  for  the  grazing 


Normalized  Scores  of  Kilograms  animal"1  day 
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Figure  C6.  Forage  intake  rates  for  sheep  expressed  as  kilograms 
animal"1  day"1  versus  the  normalized  scores  of  kilo- 
grams animal"1  day"1. 
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Figure  C7-  Forage  intake  rates  for  sheep  as  grams  per  kilogram  of 
metabolic  body  weight  animal-1  day-1  versus  the  normal- 
ized scores  of  grams  per  kilogram  of  metabolic  body 
weight  animal-1  day-1. 


Normalized  Scores  of  Percent  Body  Weight 


77 


3. 0+ 


2. 0+ 


1 o 0 + 


0 „ 0+ 


~1 . 0+ 


-2 . 0+  2 
+ 

1 . 20 


Figure  CB. 


a 


■X. 

a 


a 

a a 


aa 

a 2 
aa 


4 

aaa 
• 2 -a 


•a-  a 


a-  a 
a 


-j 

+. 

• H 

H 

0 

2.40 

3 . 00 

3 • 6U 

4 . 20 

Percent  Body  Weight 
(animal*1  day"1) 


Forage  intake  rates  for  sheep  expressed  as  percent  body 
weight  animal-1  day-1  versus  the  normalized  scores  of 
percent  body  weight  animal-1  day-1. 


78 


Table  C5.  Summary  of  forage  intake  rates  for  sheep. 


Number  of  entries  in  Table  4 = 55. 

Number  reporting  metabolic  body  weight  = 43 

mean  = 20.3  kg 
standard  deviation  = 2.90 
mini mum  reported  value  = 13.8  kg 
maximum  reported  value  = 23.4  kg 

Number  reporting  body  weight  = 43 

mean  = 55.6  kg 
standard  deviation  = 10.16 
minimum  reported  value  = 33  kg 
maximum  reported  value  = 72  kg 

Number  reporting  kilogram  an ima 1 day-^  = 50 

mean  = 1.16  to  1.25  mean  range  midpoint  = 1.21 

standard  deviation  = 0.42  to  0.41 
minimum  reported  value  = 0.43 

maximum  reported  value  = 2.12 

Number  reporting  grams  per  k i I ogram  me tabol ic  body  weight  = 53 

mean  = 57.6  to  62.0  mean  range  midpoint  = 59.77 

standard  deviation  = 17.29  to  17.76 
minimum  reported  value  = 24.3 

maximum  reported  value  = 94.5 

Number  reporting  % body  weight  = 45 

mean  = 2.20  to  2.22  mean  range  midpoint  = 2.21 

standard  deviation  = 0.57  to  0.58 
minimum  reported  value  = 1.20 

maximum  reported  value  = 3.32 


Table  C6.  Forage  intake  rates  for  sheep  derived  from  k representat i ve  pen-feeding  studies. 
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trials.  The  average  forage  intake  rate  shown  in  Table  C 6 is  1.4  + 0.47  kg 
an  ima  I day-"'  t 69.7  + 11.7  grams  per  kilogram  MBW  animal  day"^  t and  2.5  + 
0.52  percent  body  weight  an ima I day-^ , 

The  values  for  forage  intake  rates  from  feeding  trials  are  higher  than 
the  rates  of  intake  derived  from  grazing  studies.  The  conclusion  is  that  use 
of  feeding  trial  forage  intake  values  in  the  optimization  models  discussed  in 
Section  1.0  would  overestimate  the  forage  required  for  sheep.  For  that 
reason,  grazing  trial  derived  rates  of  forage  intake  are  used  for  cattle  and 
s heep. 

It  is  not  possible  to  use  grazing  trial  forage  intake  rates  for  wildlife 
and  horses,  since  grazing  trial  information  is  not  extant  in  the  literature. 
The  lone  exception  is  the  case  of  bison  which  is  considered  next. 

3 . 2 Bison 

Forage  intake  rate  studies  for  bison  (Bison  bison)  are  rare.  The  work  by 
Rice  et  al . (1974),  done  under  the  auspices  of  the  International  Biological 
Program  (IBP)  Grassland  Biome  study,  reports  a value  for  forage  intake  in 
bison.  This  value  is  for  summer  only.  Interestingly,  the  work  was  a grazing 
study  as  opposed  to  a feeding  trial  with  caged  animals,  but  unfortunately  it 
appears  to  be  the  only  intake  rate  study  of  bison  to  reach  print.  Information 
from  Rice  et  al.  (1974)  is  presented  in  Table  C7. 

3 . 3 Bighorn  Sheep 

Two  values  for  forage  intake  of  bighorn  sheep  ( O v i s canadensis)  are 
reported  in  Table  C8.  The  first  of  1.3  kilograms  an ima I “ 1 day"^  for  an animal 
weighing  68  kilograms  comes  from  a feeding  trial  study  by  Chappel  and  Hudson 
(1978).  They  used  concentrate  feed  pellets  in  their  study. 

The  second  value  for  forage  intake  in  bighorn  sheep  is  neither  a grazing 
or  a feeding  trial.  It  comes  instead  from  values  given  in  a memorandum  from 
the  State  Director  of  the  Bureau  of  Land  Management  (BLM)  to  the  Director  of 
the  Denver  Service  Center  (D-360),  dated  3 October  1978.  The  information 
given  in  this  memo,  titled  "Methodology  and  References  Used  to  Determine 
Forage  Con sump  t ion  Rates  for  Big  Game  in  the  Challis  Planning  Unit,"  is  a 
series  of  calculations  for  estimating  forage  intake  for  big  game  in  Idaho.  It 
cites  a number  of  personal  communications  and  a few  dated  papers  to  support 
the  forage  intake  rates  given.  The  validity  of  these  figures  is  not  a ques- 
tion here,  even  though  no  evidence  is  given  to  substantiate  the  intake  values 
for  big  game  given  in  the  memorandum. 

Henceforth,  intake  rates  taken  from  this  memo  will  be  referenced  to  the 
State  Director,  Idaho  (1978). 

The  memo  in  question  does  emphasize  that  the  forage  intake  rates  given 
apply  to  southern  Idaho  districts  and  do  not  pertain  to  northern  portions  of 

the  state. 

3 . 4 Pronghorn  Antelope 

Three  forage  intake  rates  for  pronghorn  antelope  (Antilocapra  americana) 
are  shown  in  Table  C9.  The  average  of  the  three  rates  is  1.8  pounds  (0.82  kg) 
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Table  C8.  Summary  of  forage  intake  rates  for  bighorn  sheep. 


Table  C9-  Summary  of  forage  intake  rates  for  pronghorn  antelope. 
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of  forage  intake  an ima ! " 1 day~^ . One  value  comes  from  the  State  Director  of 
Idaho  (1  978)  and  is  an  estimate  not  based  on  direct  measurement.  The  other 
two  intake  values  of  1.7  and  2.0  pounds  of  forage  intake  per 
an ima 1 “ * day~^  come  from  Severson  et  al.  (1968)  and  Wesley  et  ai.  (1973) 
respectively.  Both  were  studies  that  used  penned  animals.  Severson  and 
co-workers  offered  caged  animals  fresh-cut  native  forage.  Wesley  et  ai. 
(1973)  used  concentrate  feed  in  pellet  form  as  forage.  The  intake  rates  from 
ail  three  sources  are  within  the  values  considered  valid  by  Cordova  et  al. 
(1978)  in  their  review  article  for  grazing  livestock  in  the  United  States. 
(That  range  is  from  1 to  2.8%  of  body  weight  and  from  40  to  90  grams  per 
kilogram  of  metabolic  body  weight.)  Remember  however,  that  the  pronghorn 
antelope  feeds  primarily  on  browse  while  the  sheep  and  cattle  studies 
considered  by  Cordova  et  al.  (1978)  utilize  grasses  and  some  forbs.  The 
correspondence  between  consumption  rates  for  browsers  and  grazers  then,  is 
somewhat  tenuous. 

3.5  Mu S e Deer  and  White-Tailed  Deer 


Forage  intake  rates  for  mule  deer  (Odocoileus  hemionus)  and  white-tailed 
deer  (Odocoileus  viginianus)  are  reported  in  Table  CIO. 

Alldredge  et  aS . (1974)  used  fallout  Cesium-137  concentrations  in  native 
forage  and  in  killed  mule  deer  to  derive  forage  intake  and  retention 
functions.  The  mean  forage  intake  rate  of  21.9  grams  air  dry  forage  per 
kilogram  carcass  weight  per  day  came  from  87  mule  deer  collected  over  a two 
year  period.  Note  is  made  here  that  this  value  of  forage  intake  is  inferred 
rather  than  measured. 

WaSImo  et  al.  (1977)  use  Alldredge  et  al.  (1974)  methodology  and 
functions  to  derive  the  carrying  capacity  for  deer  on  a seasonal  range  in 
Colorado.  Again,  this  study  was  not  a direct  measurement  of  forage  intake 

rates. 

The  average  of  the  forage  intake  rate  from  the  Al  Idredge  et  al.  ( 1 974) 
and  the  WalSmo  et  al.  (1977)  studies  is  1.5  + 0.45  kg  an  ima  I day""**  or  64.3  + 
12.8  grams  per  kilogram  MBW  an ima I day"^  or  2.3  + 0.59  percent  body  weight 
an ima I day”^ . The  fawn  average  forage  intake  rate  from  the  Wallmo  et  al. 
(1977)  study  for  the  entire  winter  is  72.6  g/kg  MBW  an ima I day"^ , while 
winter  rates  for  males  and  females  were  59.1  and  56.1  g/kg  MBW  an ima I day”^ . 

The  intake  rates  tabulated  in  Table  CIO  are  derived  from  estimates  except 
for  the  work  of  Nichol  (1938),  Nagy  et  al.  (1969)  and  Carpenter  and  Baker 
(1975).  All  of  the  studies  deal  with  the  genus  Odeco i I e u s . None  explicitly 
state  forage  intake  rates  for  white-tailed  deer;  only  mule  deer.  Several 
studies  have  been  made  in  the  eastern  United  States  with  penned  white-tailed 
deer  but  are  not  included  In  the  present  review  which  emphasizes  western 
rangeland  conditions. 

3.6  Elk 

Forage  intake  rates  for  elk  (Cervus  canadensis)  are  summarized  in  Table 
Cl  1 . Of  interest  here  is  that  but  for  two  measurements,  forage  intake  for  elk 
has  been  measured  or  estimated  for  the  winter  season  or  months  only.  The 


Table  CIO.  Summary  of  forage  intake  rates  for  deer 


85 


mcldbolic  body  wciijht 


luul.iljol  I l body  wci.jlil 


86 


! .5 


«—  IS 

l r* 

L> 

zr  'C 


c:  2 r 

5 v - L. 

t r.  c ^ t 


= cr  ^ 2 
L c l 
*<  C t - 


C~  L' 

r. 

c 


-a:  i £ 


-•  c 
> £ 


r.  . _ 

Z : > 


n n r»  r. 


L 2,  C C i. 

C C C C C 


vr  nj  -T-  .r-  j-  «r-  _r- 

C v-  O CO  C O 

o o c o o c o 


X-  X-  X-  X- 

o o o o 
c c o o 


; ~ O 

i s ~ 


CD  CD  CD  CD  CD  CD 


r i 


“H 

CD 

cr 

CD 

o 


00 

c 

3 

3 

0) 

0 


o 

QJ 

(A 

CD 


D 

rt 

QJ 

PT 

CD 


"1 

Q) 

rt 

CD 

(/) 


0 

“i 

CD 

7T 


87 


rates  for  April  and  June  reported  by  Westra  and  Hudson  (1979)  are  for  calves 
and  not  adult  animals.  All  measurements  were  feeding  trials.  The  average 
forage  intake  rate  reported  by  Thorne  et  al.  (1976),  Robbins  (1973),  Murie 
(1951),  Hungerford  (1948),  and  Ge i s (1950)  is  4.5  + 0.8  kg  animal"1,  91.6  + 
15.3  g/kg  MBW  an  ima  I day-”®  , or  2.5  + 0.4  percent  body  weight. 

3.7  Horses  and  Burros 


Table  Cl  2 sunrsnarizes  the  forage  intake  rates  for  horses  ( Eq  u u s eaba  I us  ) 
and  burros  ( Equus  as  i nus ) . As  will  be  noted,  only  one  consumption  rate  is 
given  for  burros.  It  is  by  Koehler  (1974),  from  his  masters  thesis  which 
dealt  with  an  area  in  New  Mexico.  The  figure  reported  for  burros  is  not  based 
on  any  precise  measurement  but  on  observation  alone. 

The  study  by  Darlington  and  Hershberger  (1968)  used  penned  ponies,  fed 
the  indicated  feed  harvested  on  3 separate  dates  in  June,  each  harvest  carried 
out  on  a different  pasture.  The  average  of  the  range  midpoints  for  al!  three 
seasons  and  all  three  feed  types  is  82g/kg  MBW  an  ima  I""®  day""®  . 

Fonnesbeck  (1968)  was  concerned  with  water  intake  in  horses  fed  combina- 
tions of  grass  hay  and  grain.  The  mean  of  the  forage  intake  rates  reported  in 
this  study  was  7.1  + 1.3  kg  an  ima  S"""®  day""®  or  75.4  + 13.3  g/kg  MBW  animal”"® 
day"®  or  1.7  + 0.3  percent  body  weight.  The  large  standard  errors  here  are 
due  to  the  fact  that  intake  decreases  if  the  nutritional  quality  of  the  feed 
is  increased,  as  it  is  with  the  addition  of  grain  to  the  grass  hay. 
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4.0  ESTIMATES  FOR  USE  IN  FORAGE  ALLOCATION  MODELS 


The  survey  of  the  scientific  literature  which  pertains  to  the  forage 
intake  rates  of  large  herbivores  has  shown  that  there  are  a number  of 
instances  where  the  forage  intake  rates  required  for  use  in  the  optimization 
of  forage  allocation  models  (Chapter  A)  are  not  available.  Still,  those 
models  do  require  estimates  of  forage  intake:  When  the  index  k in  equation 
(1)  (Section  1.0)  is  considered,  seasonal  forage  intake  rates  are  required. 
Those  rates  do  not  appear  in  the  literature  for  wildlife.  This  section 
establishes  provisional  forage  intake  rates  which  can  be  used  to  test  the 
above  mentioned  models. 

A question  arises  as  to  which  method  of  reporting  forage  intake  rates  to 
use,  organic  matter  or  dry  matter  intake.  Buchanan  et  a! . (1972)  working  with 
sheep  in  Montana  found  that,  over  the  summer  at  least,  dry  matter  intake 
remained  almost  constant  while  green  weight  fell  precipitously.  Van  Dyne  et 
al.  (1980)  in  their  consideration  of  forage  intake  for  cattle  and  sheep  on  a 
wor I d-w ide  scale  converted  intake  rates  they  tabulated  exclusively  into  dry 
matter  values.  Table  Cl  3 compares  the  differences  between  organic  matter 
intake  and  dry  matter  intake  in  percent  of  live  body  weight  for  cattle  and 
sheep.  Cattle  used  more  dry  matter  in  the  spring  than  in  the  summer  or 
faSS/winter  and  more  in  the  summer  than  in  the  fall/winter  period.  Sheep 
consumed  approximately  the  same  amount  of  forage  in  all  seasons  for  which  data 
was  available.  (If  only  one  entry  for  a season  was  tabulated  in  Tables  C2  or 
C4,  it  was  omitted  from  the  compilations  shown  in  Table  C13.  Where  the  method 
of  reporting  was  not  specified  in  Tables  C2  and  C4,  entries  were  assumed  to  be 
dry  matter  intake.)  Table  Cl  3 is  for  grazing  trials  only,  and  because  of  some 
assumptions  and  the  ways  in  which  the  data  were  treated,  differs  from  a 
similar  table  in  Van  Dyne  et  al.  (1  980).  Data  in  Table  Cl  3 are  for  grazing 
trials  from  rangelands  in  western  North  America  and  Australia  and  from  pasture 
studies  in  Great  Britain.  These  values  are  somewhat  lower  than  the  organic 
matter  intake  values  summarized  from  the  world  literature  by  Van  Dyne  et  al. 
(1980)  and  somewhat  higher  than  the  dry  matter  intake  values  they  reported. 
The  data  in  Table  Cl  3 are  based  on  more  examples  than  in  the  Van  Dyne  et  al. 
(1980)  s ummar i zat i on  for  sheep  forage  intake  on  an  organic  matter  basis  but  on 
fewer  examples  in  other  situations.  Table  Cl  3 shows  that  dry  matter  intake  is 
higher  for  all  corresponding  seasons  than  is  organic  matter  intake. 

Since  dry  matter  intake  (or  unknown)  entries  predominate  in  the  cattle 
and  sheep  consumption  rate  tables  (Tables  C2  and  C4 ) presented  herein,  dry 
matter  intake  values  are  used  for  testing  forage  allocation  models.  Table  Cl  4 
presents  those  values.  Where  seasonal  or  grazing  trial  information  is 
missing,  the  average  or  only  value  tabulated  is  shown.  The  optimization 
models  require  intake  rates  in  kilograms  an ima I day"^ . Values  for  use  in 
the  models  are  presented  in  Table  Cl  4 with  those  units.  Considering  both 
variation  among  animals  in  a trial  and  variation  among  trials  due  to 
methodological  and  situational  differences,  the  coefficient  of  variation  of 
forage  intake  is  about  20%  for  large  herbivores.  Within  a trial,  and  therefore 
with  methodology  and  situation  fixed,  the  coefficient  of  variation  in  forage 
intake  appears  to  be  near  33%  for  cattle  and  21%  for  sheep  (Van  Dyne  1 965). 
These  values  compare  to  coefficients  of  variation  for  fecal  excretion  rate, 
cellulose  concentration  in  feces,  digestibility  of  cellulose,  and  diet 
concentration  of  cellulose  of  30,  8,  6,  and  4%  for  sheep  and  11,  7, 
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10,  and  3%  for  cattle  in  the  same  study.  Thus,  because  forage  intake  rate 
estimates  are  derived  from  several  properties  of  feca!  output,  diet  and  feces 
chemical  composition,  and  diet  digestibility,  the  variability  in  estimates  of 
forage  intake  rate  are  high. 


5.0  CONCLUSIONS 


The  compilation  of  this  chapter  has  shown  that  there  is  an  interest  in 
forage  intake  rates  among  researchers  and  natural  resource  management 
agencies.  Of  real  concern  is  the  dearth  of  information  on  consumption  rates 
for  wildlife  and  feral  horses  and  burros.  True,  there  is  some  information 
available  on  intake  for  non-domestic  herbivores  but  the  information  is 
anecdotal,  derived  from  inferences  (c.f.  AlSdredge  et  al.  1974),  or 
ascertained  from  conventional  feeding  trials  of  penned  animals  (Tables  C6 , 
C8-C1 2 ) . 

From  Table  C7,  it  will  be  noted  that  only  one  measure  of  forage  intake 
for  bison  is  reported  and  that  only  for  the  summer  season.  Table  Cl  2 for 
equine  shows  only  one  entry  for  burro  forage  intake  rate.  St  was  derived  by 
direct  observation.  The  other  values  for  feeding  trial  forage  intake  rate 
reported  herein  largely  avoid  the  complication  of  season.  The  cages  or  pens 
were  not  necessarily  kept  out-of-doors,  hence  the  influence  of  climate 
variations,  including  temperature  and  photoperiod,  were  not  considered  in  the 
experimental  design.  It  is  therefore  somewhat  doubtful  that  much  attention 
should  be  paid  to  the  feeding  trial  information  as  regards  season. 

Even  the  field  grazing  trial  information  is  limited  in  its  generality. 
While  Tables  C2  and  C4  show  forage  intake  rates  for  cattle  and  sheep  in 
various  of  the  four  seasons,  some  entries  are  not  values  obtained  in  the 
United  States.  Those  values  for  forage  intake  reported  by  the  U.S.  workers 
do  not  encompass  enough  of  the  grasslands  or  rangelands  of  the  country  to 
provide  the  needed  information.  Figure  C9  is  illustrative  of  this.  That 
figure  shows  no  pasture  or  grazing  trials  for  any  wildlife  save  one  study  for 
bison  in  northeast  Colorado.  Note  the  absence  of  studies  of  domestic 
herbivores  in  Montana,  Idaho,  North  and  South  Dakota,  Washington  and  Arizona. 
The  Georgia  work  was  on  a wiregrass  pine  range  and  has  scant  applicability  to 
prairie  and  western  rangeland  concerns. 

Since  forage  allocation  models  in  use  or  under  consideration  for  use  by 
natural  resource  management  agencies  require  information  at  least  at  the 
allotment  level  of  resolution  (sometimes  even  smaller),  grazing  trial  derived 
forage  intake  rates  gathered  in  one  part  of  a state  or  district  or  country 
cannot  be  considered  representative  of  rates  elsewhere.  Specific  recommenda- 
tions and  information  needs  are  as  follows:  Rangeland  grazing  trials  are 
incomplete  for  domestic  herbivores  and  absent  for  wildlife  and  equine.  Spe- 
cific areas  and  locales  where  substantia!  management  concerns  exist  need  to  be 
identified.  Factors  to  be  considered  in  these  determinations  are  herbage 
composition,  rangeland  condition  and  phenological  development  of  the  forage 
species.  Herbivores,  both  wild  and  domestic,  that  use  the  forage  in  the 
specific  locale  need  to  be  ascertained.  Then,  standards  as  to  sex,  age, 
physiological  status  and  number  for  each  herbivore  species  need  to  be  estab- 
lished so  that  forage  intake  rate  studies  can  be  undertaken.  Methods  of 
measurement  and  reporting  of  forage  intake  results,  likewise  need  to  be 
s tandar d i zed. 

Once  such  procedures  have  been  established,  a subsequent  compilation  much 
like  this  could  then  be  written  but  without  the  qualifications  and 
stipulations  contained  herein.  It  is  realized  that  such  procedural  and 
experimental  effort  as  outlined  above  will  entail  the  expenditure  of  large 
amounts  of  capital. 
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Still,  a major  conclusion  of  this  chapter  is  that  forage  intake  rate  studies 
have  not  been  done  for  many  species  of  herbivore  according  to  locale  and 
season. 

Our  review  has  yielded  forage  intake  rates  for  various  conditions. 
Averaged  overall  and  expressed  as  kilograms  an ima I day- * they  are  as  follows: 
cattle,  7.5;  sheep,  1.4;  bison,  6.1;  bighorn  sheep,  1.6;  pronghorn  antelope, 
0.8;  deer,  1.9;  elk,  4*5;  horses,  7,1;  and  burros,  5.0.  The  mean  live  body 
weight  in  kilograms  in  the  example  studies  reviewed  and  the  forage  intake  as 
percent  body  weight  are:  cattle,  343.1  and  2.2;  sheep,  55,6  and  2.2;  bison, 
348  and  1.7;  bighorn  sheep,  62.1  and  2.6;  pronghorn  antelope,  40.8  and  2.1; 
deer,  66.9  and  2.2;  elk,  181.4  and  2.4;  horses,  378.3  and  1.7.  Burro  body 
weight  was  not  reported,  hence  no  values  are  available. 

The  above  averaged  data  appear  somewhat  disparate  in  their  present  form. 
To  enable  some  comparison  of  these  data  they  were  transformed  into  animal  unit 
equivalents  (AUE).  A standard  of  a 454  kg  (1000  lb.)  animal  was  used.  That 
standard  raised  to  the  0.75  power  divided  into  our  averaged  body  weight  for  a 
given  animal  raised  to  the  0.75  power  yields  the  animal  unit  equivalent.  The 
relation  is: 

AUE  = W°-75/4540*75. 
kg 

The  AUE  has  no  units  since  they  cancel  in  the  calculation.  The  AUE  divided 
into  forage  intake  in  kilograms  per  animal  per  day  gives  a value  normSized  to 
the  standard  454  kg  animal.  If  this  last  value  is  multiplied  by  2.2,  the 
result  is  intake  in  pounds  per  animal  per  day  normalized  to  the  1000  lb  animal 
standard.  Table  Cl  5 presents  the  data  so  manipulated.  The  final  two  columns 
are  forage  intake  in  units  of  kilograms  and  pounds  respectively  per  AUE. 

It  will  be  noted  that  normalized  intake  rates  range  between  about  15  to 
20  pounds  per  day  for  all  herbivores  with  the  exception  of  pronghorn  antelope 
which  is  about  11  pounds  per  day.  This  latter  reflects  the  small  body  weights 
and  small  intake  rates  we  found  in  the  literature,  (See  section  on  forage 
intake  rates  for  pronghorn  antelope  earlier  in  this  chapter.) 
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Table  C15.  Comparison  of  forage  intake  rates  per  animal  unit  equivalent 
for  nine  herbivore  species. 


Herbi vore 

Body 

Weight 

(kg) 

Forage 
Intake 
(kg  d"1) 

AUEa 

Intake 

AUE 

(kg) 

Intake 

AUE 

(lbs) 

Cattle 

343.1 

7.5 

0.81 

9.26 

20.37 

Sheep 

55.6 

1.4 

0.21 

6.67 

14.67 

Bi  son 

348.0 

6.1 

0.82 

7.44 

16.37 

Bighorn  Sheep 

62.1 

1.6 

0.22 

7.27 

15.99 

Pronghorn 

Antelope 

40.8 

0.8 

0.16 

5.00 

11.00 

Deer 

66.9 

1.9 

0.24 

7.92 

17.42 

Elk 

181.4 

4.5 

0.50 

9.00 

19.80 

Horses 

378.3 

7.1 

0.87 

8.16 

17.95 

Burro 

__ 

5.0 

-- 

'^Animal  unit  equivalent 


CHAPTER  D 


A CRITICAL  REVIEW  Am  EVALUATION  OF 
DIETARY  BOTANICAL  COMPOSITION 


ABSTRACT 


There  are  several  methods  used  to  determine  dietary  botanical  composition 
of  herbivores  reported  in  the  literature.  The  principal  factors  affecting 
diet  composition  are  phonological  stage  and  geographical  area.  The  principle 
methods  for  estimating  diet  composition  are  the  use  of  fistulated  animals, 
fecal  analysis,  ocular  bite  counts  and  clipping.  The  use  of  fistulated 
animals,  a direct  form  of  measurement,  is  the  most  accurate  while  clipping,  an 
indirect  form  of  measurement,  is  the  least  accurate  means  of  estimating  diet 
composition.  Analysis  of  fecai  or  forage  samples  by  microscopic  determination 
is  difficult  and  requires  a good  collection  of  reference  slides  and  trained 
technicians.  Analysis  of  fecal  samples  by  microscopic  methods  is  further 
complicated  in  that  many  plants  are  hard  to  recognize  at  this  stage  of 
degradation.  Furthermore,  there  is  differential  digestibility  of  different 
groups  of  plants  as  they  pass  through  the  digestive  tract  of  the  animal,  thus 
leading  to  bias  in  results  obtained  from  fecal  analyses.  In  this  chapter  we 
compile  information  on  the  dietary  botanical  composition  of  large  herbivores. 
We  summarize  previously  unpublished  data  obtained  from  the  Bureau  of  Land 
Management  and  we  condense  from  137  scientific  references  information  about 
the  diets  of  animals.  The  animals  concerned  include  cattle,  sheep,  bison, 
bighorn  sheep,  pronghorn  antelope,  mule  deer,  whitetailed  deer,  elk,  horses, 
and  feral  burros.  In  these  compilations  we  report  the  data  for  plant  species 
which  are  5%  or  more  of  the  diets  in  quantitative  terms  and  for  plant  species 
which  are  less  than  5%  of  the  diets  simply  a listing  is  given.  We  identify 
the  location  of  the  study,  the  season  of  the  year,  management  and  treatment 
information  is  given,  and  classify  the  plants  as  to  belonging  to  the 
C3  or  C4  pathway  of  photosynthesis  and  hence  growth  season. 
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1.0  INTRODUCTION 


The  purpose  of  the  grazing  allocation  mode!  is  to  maximize  the  util  i za- 
tion  of  range  forage  production,  subject  to  biological  constraints.  A 
mathematical  model,  regardless  of  how  complex  or  detailed  it  is,  can  only  be 
as  reliable  or  accurate  as  the  data  driving  the  model  and  the  underlying 
assumptions  of  the  model. 

Several  relative  diet  preferences  are  discussed  by  Krueger  (1972).  One 
such  preference  index  is  required  in  all  of  the  optimization  models  being 
considered  (Chapter  A),  and  is  used  to  predict  the  proportional  amount  of  each 
relevant  species  or  functional  group  grazed  by  each  of  the  herbivores 
considered  (bighorn  sheep,  bison,  cattle,  elk,  muSedeer,  white-tailed  deer, 
pronghorn  antelope,  sheep,  wild  horses  and  burros).  A relevant  plant  species 
or  group  is  considered  to  be  one  that  comprises  5 percent  or  more  of  the 
dietary  botanical  composition  of  the  herbivore.  Thus,  the  optimization  models 
address  this  "range  use  efficiency  problem"  by  solving  for  the  optimal 
combination  of  herbivores  to  graze  based  on  a preliminary  estimation  of  the 
composition  of  available  herbage  and  predictions  of  dietary  botanical 
composition,  intake  rate,  and  loss  and  gains  in  the  standing  crop.  The 
optimal  combination  of  herbivores  is  one  that,  for  our  formulation,  makes  the 
most  use  of  the  herbage  and  hence  produces  the  most  animal  unit  equivalents, 
so  that  the  estimated  all  owab  le  herbage  available  is  fully  utilized  by  the 
herb  Svores. 

This  chapter  presents  a critique  of  the  methods  used  in  determining  the 
dietary  botanical  composition  of  the  large  herbivore  species  and  a compilation 
of  studies  that  have  estimated  dietary  botanical  composition  by  employing  some 
of  the  various  methodo i og i e s discussed  in  this  report. 


2.0  SELECTIVE  GRAZING 


If  herbivores  simply  grazed  the  available  herbage  n o n- s e I e c t i v e I y , then 
dietary  botanical  composition  would  directly  follow  in  the  same  proportions  as 
the  proportional  composition  of  the  available  forage.  However,  selective 
grazing  markedly  alters  dietary  botanical  composition  of  forage  ingested 
relative  to  herbage  available  on  native  rangelands  (Galt  et  al  . 1968).  Range 
species  that  may  be  available  in  only  trace  amounts  may  be  a major  component 
of  the  herbivores'  diet,  while  the  major  plant  species  of  the  range  are  not 
necessar i I y maj or  components  of  the  herbivores'  diet. 

In  fact,  not  only  is  selective  grazing  apparent,  but  the  forage  species 
selected  by  cattle  for  instance,  can  change  rapidly  in  as  little  as  a three 
week  period,  while  herbage  species  composition  remains  relatively  constant 
(Theurer  1973).  Consequently,  not  only  is  one  unable  to  directly  infer 
dietary  botanical  composition  from  native  range  composition,  it  is  apparent 
that  neither  can  one  determine  dietary  preference  solely  from  range 
c ompo  s i t i on . 

The  two  principal  factors  that  affect  dietary  botanical  composition  are 
phenological  sensonality  and  geographical  location.  These  factors  affect 
availability  or  composition  of  forage  species  through  the  quantity  or  size  of 
standing  crop,  the  quality  or  palatability  of  the  plant  species  and  the  forage 
availability  due  to  snow  cover  or  size.  These  site  and  herbage  dependent 
factors  are  further  complicated  by  herbivore  dependent  factors  such  as 
competition,  both  interspecific  and  intraspecific  and  the  nutritional 
requirements  of  each  herbivore  species.  These  factors  have  their  affect  on 
the  herbivores'  preference  for  different  plant  groups  (Van  Dyne  et  al.  1980). 

When  examining  average  annual  dietary  botanical  composition,  the  standard 
error  of  the  means  tends  to  be  as  large  or  larger  than  the  means  (Van  Dyne  et 
al.  1980).  In  the  case  of  the  above  workers,  one  third  of  the  estimated  plant 
groups  had  standard  errors  equal  to  or  greater  than  their  means.  Even  when 
seasonal  ity  was  accounted  for,  it  did  not  greatly  reduce  the  degree  of  varia- 
bility in  the  data  since  more  than  one-half  of  the  means  still  had  standard 
errors  equal  to  or  greater  than  their  repsective  means.  When  changes  in 
seasonality  are  considered  along  with  partitioning  locations  to  the  level  of  a 
proportionally  relatively  homogeneous  range  composition,  then  more  pronounced 
significant  differences  can  be  shown  (McReynolds  1977). 

Wentlands  (1968)  has  shown  that  over  different  years  in  the  same  location 
and  with  relatively  the  same  forage  availability,  dietary  botanical  composi- 
tion can  change  greatly.  Kautz  and  Van  Dyne  (1978)  combined  plant  species 
into  five  functional  groups  to  statisically  analyze  the  influence  of  herbivore 
species,  competition  through  grazing  intensity,  season  of  grazing  and  the 
interactions  between  these  treatments.  There  were  highly  significant  differ- 
ences among  herbivore  species,  between  grazing  intensities  and  between  seasons 
in  the  herbivore's  dietary  botanical  composition  of  warm- season  forbs,  cool- 
season  forbs  and  shrubs.  There  were  also  highly  significant  differences  in 
the  herbivore  species'  diets  of  warm- sea  son  grasses.  These  findings  show  that 
significant  differences  in  herbivore  preference  and/or  forage  availability 
occur  in  all  of  the  plant  groups  except  cool-season  grasses,  necessitating  a 
thorough  understanding  of  differences  in  dietary  botanical  composition  of 
large  herbivores  if  efficient  use  is  to  made  of  the  nation's  grazi ng I and s . 


3 .0  METHODS  FOR  ESTIMATING  DIETARY  BOTANICAL  COMPQ5 I T ! ON 


There  are  a number  of  methods  used  In  estimating  dietary  botanical  com- 
position of  large  herbivores.  These  include  the  use  of  fistulated  animals 
both  rumen  fistulas  (Lesperance  et  al.  1960)  and  esophageal  fistulas  (Tore!! 
1954),  fecal  analysis  (Free  et  al.  1970,  Vavra  et  al.  1970,  Hansen  et  al. 
1973),  ocular  bite  counts  (Reppert  1960),  plot  clippings  and  direct  observa- 
tion of  wild  and  tame  animals. 


3.1  Fistulated  Animals 


The  use  of  esophageal  or  rumen  fistulated  animals  appears  to  be  the  most 
accurate  method  available  to  estimate  dietary  botanical  composition  (Rice  et 
al.  1971,  Smith  and  Shandruk  1979,  Vavra  et  al.  1978).  The  advantages  of 
rumen  or  esophageal  content  analysis  are  that  there  is  little  doubt  an  in- 
gested item  is  in  fact  forage  and,  according  to  Medim  (1  970),  animal  popula- 
tions can  be  sampled  over  time  and  within  age  and  sex  groups. 

The  disadvantages  of  using  fistulated  animals  for  diet  composition 
studies  are  several.  Differentia!  rates  of  digestion,  especially  in  rumen 
content  analyses,  biases  results  toward  the  less  digestible  Stems  (Norris 
1943,  Bergerud  and  Russel!  1964).  Forage  items  can  remain  in  the  rumen  for 
periods  of  days  after  ingestion.  Consequently  It  is  not  always  possible  to 
infer  that  the  animal  fed  in  the  area  where  the  collections  were  made.  (This 
may  not  be  so  with  the  rumen  clearance  method.)  Anderson  et  al.  (1965) 
maintain  that  at  least  70  samples  must  be  collected  to  estimate,  within 
acceptable  error  limits,  diverse  diets.  And,  according  to  Courtwrlght  (1959) 
larger  plant  fragments  in  samples  are  identifiable  yet  they  represent  only 
small  portions  of  the  total  sample:  Any  assumption  that  the  unidentifiable 
plant  parts  represent  the  identified  plants  is  unfounded. 

Examinations  of  the  extrusa  of  fistula  forage  samples  can  be  done  by  a 
variety  of  techniques.  The  hand  separation  method  (Stobbs  1969)  and  the 
microscopic  point  method  (Heady  and  TorreSI  1959,  Galt  et  al.  1968)  which  has 
been  improved  upon  through  the  use  of  regression  models  for  predicting  weight 
composition  (Heady  and  Van  Dyne  1965),  tend  to  examine  only  the  larger  plant 
fragments.  The  microscope  method,  a less  time  consuming  version  of  the  micro- 
scopic point  method  (Sparks  and  SVSalecheck  1968),  and  liquid  masceration  method 
(Marshall  and  Squires  1979)  examine  all  plant  fragments. 

Proponents  of  the  microscope  point  method  claim  that  with  400  observed 
microscope  points,  the  average  weight  of  a species  can  be  estimated  within 
5 percent  of  the  mean  at  a 90  percent  level  of  probability  when  the  species 
constitute  30  to  60  percent  of  the  sample  weight  (Galt  et  ai.  1968).  However, 
this  degree  of  statistical  confidence  is  associated  with  macerated  material 
and  not  the  extrusa  of  rumen  or  esophageal  fistulated  herbivores. 

When  diets  of  known  composition  where  fed  to  sheep,  Marshall  and  Squires 
(1979)  reported  that  large  differences  between  the  estimated  and  known  com- 
position where  observed.  Generally  there  was  a tendency  to  overestimate 
grasses  and  to  underestimate  forbs.  While  none  of  the  methods  appear  to  be 
the  most  accurate,  the  microscope  method  has  the  greatest  amount  of  error 
associated  with  it.  The  error  associated  with  each  of  the  methods  represents 
a bias  in  the  observed  data  that  varies  with  each  different  mixture  of  species 
in  the  dietary  botanical  composition  of  the  herbivore. 
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In  a study  of  all  four  methods  using  extrusa  of  esophageal  fistulated 
animals,  Marshall  and  Squires  (1979)  concluded  that  the  "hand  separation  and 
the  microscopic  methods  are  only  sufficiently  reliable  to  allow  estimation  of 
dietary  composition  to  within  broad  catagories  defined  as  minor  (less  than 
20%),  moderate  (the  range  of  21  to  50%)  and  major  (greater  than  50%)  pro- 
portions." Although  a relationship  exists  between  known  and  estimated  dietary 
compositon,  the  relationship  changes  with  variations  in  known  composition, 
further  complicating  the  type  and  degree  of  bias  associated  with  the  observed 
data. 

While  studies  of  the  extrusa  of  fistulated  animals  can  give  the  most 
direct  representation  of  a herbivore's  diet,  these  animals  can  exhibit  ab- 
normal behavior. 


3. 2 Fecal  Analysis 

There  are  several  advantages  to  using  fecal  analysis  for  determination  of 
dietary  botanical  composition.  The  method  is  quick  and  relatively  inexpensive 
and  specific  habitat  sampling  with  established  levels  of  precision  is  possi- 
ble. it  also  has  the  advantage  of  virtually  unlimited  numbers  of  samples 
available,  any  of  which  may  be  obtained  without  disturbance  to  the  animals 
under  study. 

As  with  samples  taken  from  fistulated  animals,  fecal  samples  do  not  lend 
themselves  to  easy  identification  of  the  dietary  botanical  composition  through 
microscopic  analysis  of  plant  remants.  Species  recognition  characteristics 
vary  greatly  between  forage  species  and  between  groupings  of  forage  classes 
(Vavra  et  al.  1978,  Smith  and  Shandruk  1979,  Zynur  and  Urness  1969).  The 
ramifications  of  this  disadvantage  can  lead  to  confusion.  In  his  study  of 
bighorn  food  habits,  Johnson  (1979)  determined  that  Polygonum  bistortoides  and 
V a c c i n I um  s c o pa r i urn  were  important  (summer)  forages,  yet  the  fecal  analysis 
done  in  his  study  failed  to  identify  any  of  those  plant  species  in  bighorn 
feces.  Fecal  analysis  done  for  the  study  by  Howard  and  DeLorenzo  (1975) 
showed  an  average  of  49%  of  Ch  i I ops  i s sp.  during  the  spring  months  and  23%  of 
Chi  I ops i s sp.  during  the  simmer  months  in  bighorn  sheep  diets.  Those  authors 
however,  found  no  Ch  i 1 ops  i s sp.  in  any  of  their  vegetation  transects  nor  in 
any  of  the  primary  sheep  habitats.  Indeed,  Chi  I o p s i s sp.  was  found  only  in 
trace  amounts  in  the  riparian  habitat  that  was  not  frequented  by  the  bighorn 
sheep.  These  two  studies  lead  one  to  doubt  the  accuracy  of  any  plant 
identification  from  feces,  certainly,  at  least,  in  bighorn  sheep  studies. 

Fecal  analysis  is  also  subject  to  bias  induced  by  differential  digestion 
rates  of  plant  material  (Slater  and  Jones  1971,  Takatsuki  1978).  When 
esophageal  fistula  data  is  compared  to  fecal  material  data  the  same  relation- 
ships exist  between  esophageal  and  fecal  samples  as  between  esophageal  samples 
and  known  diet  composition,  although  with  considerably  more  variation  (Vavra 
et  al.  1978).  Fecal  analysis  studies  show  that  total  grasses  are  signifi- 
cantly overestimated  while  total  forbs  are  significantly  underestimated.  Due 
to  the  greater  variation  of  fecal  materia!  samples,  correlation  and  regression 
analysis  revealed  no  significant  relationship  between  esophageal  and  fecal 
samples  in  determining  dietary  botanical  composition. 
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There  is  yet  to  be  reported  in  the  literature  a study  in  which  diets  of 
known  composition  are  fed  to  fistuSated  animals  and  both  the  extrusa  of 
fistulated  animals  and  their  fecal  samples  are  analyzed  for  the  purpose  of 
comparing  them  to  the  known  diet  composition.  With  a knowledge  of  reported 
differences  between  esophageal  fistula  samples  and  known  diet  composition 
(Marshall  and  Squires  1979),  and  reported  differences  between  esophageal 
fistula  samples  and  fecal  samples  (Vavra  et  a! . 1978),  one  may  make  Inferences 
with  a calculated  example  of  differences  between  actual  diet  composition  and 
analyzed  fecal  material.  There  appear  to  be  two  significant  biases  that  enter 
this  kind  of  data  regardless  of  the  technique  employed:  differential 

digestibility,  a major  source  of  bias  which  is  primarily  due  to  cell  wall 
thickness  of  plant  fragments  and  differential  r e c o g n i za b i I I t y due  to  the 
degree  of  maceration  and  digestion  which  is  also  a bias  as  well  as  a prime 
source  of  variation. 

Assume,  for  the  sake  of  agrument,  that  the  bias  of  differentia!  digestion 
explains  fully  the  differences  between  known  diets  and  esophageal  fistula 
samples.  Further  consider  that  the  differences  between  fistulated  samples  and 
fecal  samples  represent  the  degree  of  unrecognizability  due  to  differing 
levels  of  maceration  and  digestion  and  constitute  a large  source  of  variation 
as  well  as  a significant  bias  as  the  data  seems  to  suggest.  Further,  consider 
that  because  all  reported  data  are  expressed  in  relative  proportions,  that 
such  estimated  proportions  are  interdependent  variables.  Thus,  whenever  a 
technician  overestimates  or  underestimates  one  plant  species,  the  proportions 
of  other  species  in  the  sample  are  adjusted  upward  or  downward  by  an  equiva- 
lent amount.  This  can  be  seen  when  the  relative  contributions  are  normalized 
to  estimated  percent  diet  composition.  From  the  data  in  Table  D1  one  can  see 
how  differences  in  indigestibility  and  recognizability  can  exhibit  strong  bias 
on  estimated  diet  composition.  The  i nd  i ges t i b i ! i t y coefficients  (Table  D1  ) 
are  derived  from  the  regression  models  of  Marshal!  and  Squires  (1979)  and 
represent  a bias  more  than  a source  of  variability.  The  recognizability 
coefficients  are  more  arbitrary  since  they  were  picked  in  order  to  give  both 
the  expected  results  and  variability  of  reported  differences  of  Vavra  et  al. 
(1978)  between  esophageal  analysis  data  and  fecal  analysis.  The  example  model 
suggests  that  in  order  to  get  a high  degree  of  variabil  ity  and  bias  between 
esophageal  and  fecal  samples,  the  degree  of  differences  between  the 
recognizability  coefficients  of  plant  species  must  be  very  large.  Of  course, 
in  actuality  digestion  has  just  barely  begun  at  the  esophagus,  thus  the 
empirically  derived  recognizability  coefficients,  as  used  here,  also  represent 
differential  digestion  between  the  esophageal  and  fecal  stage.  Regardless  of 
assumptions  made  in  conceptualizing  such  a process,  it  must  still  be  concluded 
that  any  relationship  used  to  predict  dietary  botanical  composition  from  fecal 
composition  must  be  highly  variable  and  have  significant  bias  that  is 
dependent  on  the  actual  diet  composition.  Therefore,  fecal  analysis  should 
only  be  used  to  determine  the  principal  species  constituents  of  the  diet  and 
to  a certain  extent,  the  relative  importance  value  of  species;  for  even  if  one 
only  ranks  by  importance,  esophageal  and  feca!  data  are  not  always  closely 
related. 
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Table  D1.  An  example  of  how  known  bias  and  variability  can  effect  estimated  dietary  botanticai 
composition  through  use  of  esophageal  and  fecal  analysis. 


Ill 


3.3  Ocular  Bite  Counts 


Ocular  estimates  of  forage  grazed  date  from  1 952  when  Hubbard  (reported 
by  Hubbard  1956)  followed  grazing  cattle  in  Alberta,  Canada.  The  technique 
was  later  refined  by  Reppert  (1960),  where  observations  for  a 48-hour  period 
consisted  of  following  heifers  as  they  freely  grazed  In  100  to  400  acre 
pastures.  The  estimates  were  done  from  a pickup  truck  using  field  glasses. 
Forage  grazed  was  estimated  in  discrete  mouthful  units  of  1/4,  1/2,  3/4,  and 
1 , at  a distance  of  6 feet  to  20  or  30  feet.  A mouthful  unit  was  recorded 
when  the  animal  lowered  its  head  to  graze  and  ended  when  grazing  stopped  or 
the  animal  took  a step  forward.  As  may  be  realized,  a partial  mouthful  unit 
can  consist  of  several  bites.  Besides  recording  the  plant  species  consumed, 
the  plant  part  In  terms  of  stems,  leaves,  and  heads  and  other  grazing  habits 
were  also  recorded.  However,  the  recording  of  estimates  does  not  distinguish 
between  different  animals  of  the  same  species. 

Ocular  bite  counts  are  perhaps  the  least  expensive  means  by  which  dietary 
botanical  composition  may  be  estimated.  Unlike  other  methods  though,  bite 
count  data  is  observer  dependent  and  requires  a given  level  of  expertise  in 
the  experimenter  if  one  is  to  have  confidence  in  the  data.  As  a result, 
ocular  bite  count  data  can  vary  greatly  between  observers.  In  a study  by  Galt 
et  a!.  (1969),  ocular  observations  on  species  selected  by  rumen  fistulated 
steers  were  compared  to  corresponding  rumen  fistula  samples.  There  was  con- 
siderable difference,  up  to  100%,  in  the  bite  count  proportions  of  species 
when  compared  to  rumen  sample  analyses. 

Due  to  the  discretized  sample  space,  ocular  bite  count  data  can  give  at 
best  only  a qualitative  range  for  estimating  dietary  botanical  composition  as 
demonstrated  in  the  following  example.  Let  Sj  represent  the  species  in 
the  diet  being  estimated.  The  proportion  of  the  i 1 ^ species  in  a diet  of  n 
species  can  be  represented  by: 


i=1 

Due  to  a discretized  sample  space  of  1/4  units,  the  Sj's  are  within  a (+  1/8) 
range  at  best.  Thus,  equation  (1)  is  actually  within  the  upper  boundary  of: 

Sj  + 1/8 


n n 

( E Sj  ) (1  + E e 
i =1  i =1 


(2) 


1 12 


where  ej  represents  the  error  associated  with  a discrete  estimate  of  the  itn 
species.  If  we  assume  that  the  distributionary  ej  has  a mean  of  zero,  that 

n 

is,  the  error  is  random  or  unbiased,  then  2 eg=0„  When  the  estimated  species 

I 

comprise  Sj  of  the  diet,  the  range  of  Sj  can  be  expressed  by: 

( S j ) lii  = + S ; • 1 2 . 5%  ( 3 ) 

By  equation  (3)  there  is  a ( +_  S j • 12.5%)  range  within  which  an  ocular  bite 
count  estimate  of  dietary  botanical  composition  would  actually  lie,  assuming 
that  there  is  no  error  associated  with  observations  (standard  error  of  the 
estimates  = 0).  Since  Galt  et  al . (1969)  showed  there  is  considerable  differ- 
ence within  observers  for  bite  count  data,  the  actual  range  is  considerably 
larger  than  is  expressed  in  equation  (3).  (However,  bite  counts  can  be 
corrected  to  size-per-bit  using  the  methods  of  Kautz  and  Van  Dyne  (1  978  ) so 
that  end  results  are  quantitative). 

It  is  evident  then  that  ocular  bite  count  data  can  only  provide  at  best, 
qualitative  information  about  botanical  composition  of  the  diet  of  grazing 
an ima I s . 

The  study  by  Sanders  et  al . (1980)  used  both  bite  counts  and  fecal  analy- 
sis to  determine  cattle  diets  in  Texas.  Their  major  conclusion  was  that  bite- 
counts  and  fecal-analysis  methods  give  similar  results  for  estimating  major 
components  of  the  animal’s  diet.  Note  here  that  the  use  of  "major  components" 
and  not  a more  inclusive  phrase.  Given  the  above  treatment  of  bias  in  bite- 
count  methods,  their  conclusion  about  both  methods  being  equal  is  somewhat 
disquieting. 


3.4  Cl  i pp  i ng 

Dietary  botanical  composition  of  grazing  animals  may  also  be  estimated 
indirectly  by  clipping  plots  before  and  after  grazing  to  determine  utiliza- 
tions by  the  difference  between  the  two  clipping  measurements  (Van  Dyne  1969). 
This  method  for  determining  range  forage  utilization  by  sheep  was  developed  by 
Cassady  (1941).  The  clipping  technique  consists  of  weighing  clipped  samples 
of  forage  species  shortly  before  and  again  soon  after  the  area  was  grazed. 
The  differences  in  average  weights  of  forage  are  assumed  to  be  the  amount  of 
utilization  by  grazing  animals. 

The  advantage  of  this  method  is  that  diet  composition  may  be  estimated 
without  direct  contact  with  the  animal,  which  is  also  a prime  disadvantage  of 
this  method.  There  are  other  disadvantages.  The  method  is  limited  to  an  area 
where  grazing  can  be  completed  in  a short  period  of  time  so  that  plant 
dynamics  (regrowth  and  shattering,  etc.)  do  not  significantly  bias  estimates 
of  utilization.  However,  as  the  grazing  period  becomes  shorter  and  total 
utilization  is  small,  the  less  reliable  is  the  utilization  estimate.  Further- 
more, since  differences  in  weight  estimates  are  considered  to  be  fully 
realized  in  the  animals'  diet,  trampling,  wind  loss,  error  in  estimating 
available  herbage  and  other  factors  greatly  undermine  the  reliability  of  the 
diet  composition  estimates  derived  from  the  clipping  method.  Thus,  like  the 
bite-count  method,  clipping  should  only  be  regard  ed  as  providing  qualitative 
information  of  diet  composition  of  grazing  animals.  Such  a method  can 
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however,  give  quantitative  estimates  of  regrowth,  shattering,  trampling  and 
other  factors  with  proper  controls;  all  of  which  need  to  be  considered  in  any 
forage  allocation  decision  process. 


3.5  Direct  Observat  ion 


Direct  observations  of  tame  and  wild  ungulates  can  establish  forage 
species  consumed  and,  in  some  instances,  the  amounts  consumed.  As  with 
previously  mentioned  methods,  there  are  advantages  and  disadvantages. 

Use  of  direct  observation  of  tame  non-domestic  herbivores  is  expensive 
only  in  terms  of  the  observers  time  (Bjugstad  et  al . 1970).  In  the  wild,  some 
food  choices  can  be  quantified  by  habitat  type.  Wild  animal  observations  can 
be  designed  to  contrast  site  of  grazing  and  time  of  grazing  (both  diurnal  and 
seasonal),  and  large  amounts  of  data  can  be  collected  in  a relatively  short 
t ime. 


Tame  animal  observations  aSSowminimal  error  of  forage  identification  and 
allows  observations  at  any  time  of  the  day.  Wallmo  and  Neff  (1  970  ) say 
another  benefit  of  tame  animal  observation  is  that  the  design  of  the  experi- 
ment can  be  controlled  by  the  experimenters  and  is  not  left  to  chance. 

A major  disadvantage  of  wild  animal  observation  is  that  wild  animals  are 
difficult  to  approach  closely  enough  to  accurately  identify  the  forage  species 
(WaStmo  et  al.  1973,  Bjugstad  et  al.  1970).  As  a consequence  large,  easily 
identified  plants  tend  to  be  overestimated,  while  inconspicuous  plants  tend  to 
be  underestimated  (Wallmo  et  al.  1973).  Of  course,  sampling  of  wild  animals 
must  be  done  during  daylight  hours. 

Disadvantages  associated  with  tame  animal  observations  include  the  often 
costly  rearing,  training  and  maintenance  of  experimental  animals  and  the 
necessary  period  of  adjustment  after  the  animals  have  been  placed  in  an 
unfamiliar  environment  (cage,  fenced  pasture,  etc.).  Also,  the  diets  of  tame 
animals  may  be  supplemented  with  nutrients  or  concentrate.  Veterinary  care 
may  also  be  a factor  in  the  care  of  tame  animals.  Any  of  these  items  can 
cause  tame  animals  to  select  forage  different  from  the  forage  selected  by  wild 
herbivores  of  the  same  species. 

The  ''costs’1  and  the  "benefits"  of  using  direct  observation  of  herbivores 
must  be  weighed  prior  to  the  selection  of  this  method  of  ascertaining  diet 
botanical  composition. 

3 • 6 Double  Samp  I I ng 

Since  fecal  analysis  is  poor  as  a quantitative  means  of  estimating  diet 
composition,  a combination  of  fecal  analysis  and  a few  esophageaSIy  fistulated 
animals  may  be  one  feasible  means  of  samp! ing.  Such  a double  sampling  tech- 
nique  could  greatly  reduce  the  cost  of  using  fistulated  animals  only  and  could 
greatly  reduce  the  variance  of  diet  composition  estimates  over  the  use  of 
fecal  analysis  methods  exclusively. 


In  the  double  sampling  technique,  the  analysis  of  the  extrusa  of  the 
fistulated  animal  can  be  regarded  as  the  "standard."  The  fecal  analysis  data 
would  then  be  calibrated  to  the  esophageal  data  in  order  to  reach  a "more 
accurate"  estimate  of  dietary  botanical  composition.  The  calibration  process 
can  be  accomplished  by  deriving  a mathematical  relationship,  such  as  a regres- 
sion model,  between  fecal  data  and  esophageal  data.  Such  a double  sampling 
technique  can  be  considered  as  an  improvement  if  the  variance  of  the  estimates 
of  diet  composition  are  less  than  what  the  variance  would  have  been  if  only 
fecal  data  was  employed  for  the  same  cost. 

For  such  a technique  to  be  effective,  a good  mathematical  model  or 
regression  model  between  fecal  data  and  esophageal  data  is  essential.  Since 
the  relationship  is  often  very  poor,  such  a model  would  have  to  be  determined 
for  each  uniform  site  and  its  corresponding  combination  of  herbivores  on  a 
seasonal  basis.  Through  a partitioning  of  the  data  by  site,  combinations  of 
herbivores,  and  season,  a tractable  relationship  between  esophageal  and  fecal 
data  shoul d foil ow. 

The  disadvantage  of  such  a double  sampling  technique  is  the  required  use 
of  fistulated  animals.  That  requirement  may  not  be  feasible  with  wild 
herbivores,  and  even  with  some  of  the  domestic  herbivores.  However,  it  is 
essential  that  precise  data  be  made  available  on  the  dietary  botanical 
composition  of  wild  and  domestic  herbivores  if  sufficient  use  is  to  be  made  of 
the  native  grazing! an ds. 


3 . 7 Summary  of  Methods 

The  methods  used  to  determine  the  dietary  botanical  composition  of 
selectively  grazing  herbivores  comprise  two  types  of  techniques,  direct  and 
indirect  measurement.  The  indirect  measurement  methods  are  bite  counts, 
clipping  and  fecal  analysis.  The  use  of  fistulated  animals  is  perhaps  the 
best  direct  method  since  it  allows  for  replicate  data  within  animals. 
Observation  of  wild  and  tame  animals  is  another  direct  method.  The  fecal 
analysis  method  is  capable  of  partitioning  data  within  samples  though  this  is 
rarely  done. 

The  direct  measurements  are  preferable  due  to  the  information  that  is 
available  through  such  methods  that  aren't  available  with  the  indirect 
methods.  The  chief  benefit  from  using  direct  methods  is  realized  when  repli- 
cates of  data  among  animals  is  gathered,  since  only  with  replicates  among 
animals  can  the  error  associated  with  the  technique  of  analysis  be  bounded  or 
estimated.  Without  a knowledge  of  the  error  within  measurements,  the  data 
must  be  accepted  on  what  amounts  to  blind  faith.  The  degree  of  blind  faith 
held  for  data  in  the  literature  is  clearly  apparent  when  researchers  report 
diet  composition  to  the  0.1%  and  even  0.01%,  as  if  they  could  ascertain  such 
precise  differences  in  the  data.  Even  more  remarkable  is  that  regardless  of 
the  degree  of  precision  reported,  rarely  if  ever  are  standard  deviations 
reported.  Such  simple  statistics  are  essential  for  a thorough  understanding 
of  the  precision  of  the  data  on  diet  botanical  composition. 

Indirect  methods  have  greater  disadvantages  than  even  the  unknown  error 
of  measurement  associated  with  them.  Such  methods  as  ocular  bite  counts  and 
fecal  analysis  can  only  distinguish  the  variability  among  herbivores. 
Clipping,  the  least  precise  method,  cannot  distinguish  between  herbivore 
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species  and  the  data  derived  thereby  is  significantly  complicated  by  plant 
dynamics,  trampling  and  other  factors.  Such  complications  can  result  in  very 
inaccurate  estimates  of  forage  utilization  and  diet  composition. 

Becuase  of  the  problems  associated  with  diet  composition  analysis 
methods,  the  sources  of  variation  and  error  of  at  least  fecal  and  esophageal 
data  need  to  be  determined  and  estimated  through  a badly  needed  study. 
Briefly,  such  a study  would  be  comprised  of  an  analysis  of  both  diet 
composition  analysis  methods  of  known  diets  fed  to  herbivores  and  the  analysis 
of  only  masticated  samples  of  known  mixtures  as  well.  The  degree  of  accuracy 
and  precision  of  the  two  techniques  could  be  determined  as  a result  of  such  a 
study.  Furthermore,  it  may  be  possible  to  improve  on  the  accuracy  of  the 
techniques  by  determining  digestibility  coefficients  as  a result  of  the 
differences  between  digested  and  masticated  samples.  The  known  bias  of  the 
data  due  to  differential  digestion  could  then  be  quantitatively  expressed  and 
accounted  for,  as  well  as  the  variability  of  differential  r ecogn  i zab  i 1 i t y on 
the  part  of  technicians.  The  principal  cost  to  such  a study  would  be  the 
laboratory  fees,  data  sampling  cost,  and  subsequent  statistical  analysis  and 
reporting.  Until  such  a study  is  undertaken,  the  obvious  problems  with  the 
diet  composition  analysis  methods  can  only  be  discussed  and  not  quantitatively 
taken  Into  account. 


4.0  P HQTOSYNT HE  T I C PATHWAYS 


In  the  mid-1960s,  plant  physiologists  studying  the  mechanism  of  photo- 
synthesis found  a pho  to  syn  t he  t i c pathway  in  some  species  of  the  Graminae  and 
in  corn  ( Zea  may s ) that  produced  4-carbon  intermediate  compounds  (Kortschalk 
et  a!.  1965,  Hatch  and  Slack  1966,  1967a,  1967b).  This  pathway  differed  from 
the  previously  understood  pathway  which  produced  a 3-carbon  intermediate  com- 
pound (Calvin  and  Bassham  1962).  Subsequent  studies  showed  that  the  4-carbon 
pathway  or  C4  pathway  was  linked  to  specific  characteristics  of  morphology  and 
ecology  of  the  plant  species  in  which  it  occurred  (as  well  as  to  the  physiol- 
ogy of  the  p I an t ) . 

A third  photosynthetic  pathway  different  from  the  3-carbon  compound  or 
Cg  pathway  has  also  been  identified.  First  discovered  in  succulent  plants  of 
the  family  Crassulaceae  native  to  desert  climates,  and  using  intermediate 
metabolic  acids,  it  is  named  Crassulacean  Acid  Metabolism  or  CAM  (Ranson  and 
Thomas  1 960 ) . 

This  section  briefly  discusses  these  pathways,  explains  the  ecological 
consequences  of  these  pathways  (insofar  as  they  are  known),  and  explains  their 
importance  in  the  study  of  dietary  botanical  composition  of  large  herbivores. 


4. 1  The  C^  and  C4  Photo synt he t i c Fathways 

Both  the  Cg  and  C4  pathways  produce  end  products  of  six  carbon  sugars 
which  are  used  in  the  metabolic  processes  that  release  energy.  These  end 

products  may  also  be  incorporated  into  more  complex  compounds  such  as 
starches,  celluloses  and  hemi ce I I u I 0 se s . 

The  Cg  pathway  requires  inorganic  carbon  dioxide  and  the  5-carbon  sugar 
r ibul ose-1 , 5-d  ipho sphate  . In  the  presence  of  the  enzyme  r i b u I 0 se  d i ph 0 sph  a t e 
carboxylase,  CO2  and  the  5-carbon  sugar  form  two  molecules  of  the  3-carbon 
acid,  pho sphog I ycer  i c acid. 

The  photosynthetic  pathway  uses  carbon  dioxide  diffused  through  sto- 

mata! openings  into  the  mesophyll  cells.  The  CO2  then  reacts  with  phos- 
phoeno I pyr uv ate  to  produce  oxaloacetic  acid  which  in  turn  forms  the  4-carbon 
compounds  of  either  malic  acid  or  aspartic  acid  (the  latter,  an  amino  acid). 
The  enzyme  which  catalyzes  this  reaction  is  pho sphoeno I py r uv  at  e carboxylase. 
Once  the  4-carbon  intermediates  are  formed,  they  pass  into  bundle  sheath  cells 
and  are  decarboxyl ated.  The  liberated  CO2  formed  thereby  is  then  fixed  into 
pho sphog I ycer i c acid,  the  same  product  of  the  Cg  pathway. 


4.2  C raj  su iac eanAcid  Me  t abo I ism  (CAM) 

In  desert  environments,  some  succulents  subject  to  drought,  cool  nights 
and  hot  days,  fix  carbon  dioxide  by  the  phosphoenol pyruvate  carboxylase 
reaction  and  store  it  as  malic  acid.  The  distinguishing  feature  here  is  that 
this  reaction  takes  place  at  night.  During  the  day,  the  ma!  ic  acid  is  d e - 
carboxylated  and  the  freed  CO2  is  incorporated  into  pho sphog I ycer i c acid  by 
the  r i bu  I o sed  ipho sphate  carboxylate  reaction.  These  plants  are  termed  CAM 
plants  (Ranson  and  Thomas  1960). 
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Under  conditions  of  ample  and  relatively  cool  days  and  warm  nights, 
plants  with  the  CAM  photosynthetic  pathway  behave  much  as  do  Cg  plants  and  fix 
CC>2  via  the  Cg  photosynthetic  pathway  (Osmond  et  ai.  1973). 

4 . 3 Ecological  Significan ce  of  Pho tosynthetic  Pathways 

The  ecological  significance  of  the  three  photosynthetic  pathways  is  de- 
pendent on  the  morphology  and  physiology  of  the  plants  in  which  they  occur. 
Plants  which  have  the  C4  photosynthetic  pathway  have  chSoroplasts  in  the 
leaves  concentrated  in  bundle  sheaths  around  the  veins  of  the  leaf.  This 
distinctive  morphology,  referred  to  as  the  Kranz  syndrome  (Laetch  1974), 
apparently  enables  the  plant  to  incorporate  a substantially  greater  amount  of 
CO2  into  the  leaf  prior  to  the  formation  of  phosphog S ycer i c acid  (ChoSSet  and 
Orgren  1975).  This  feature  is  probably  an  adaptive  advantage  for  C4  plants, 
giving  them  higher  rates  of  photosynthesis  (and  therefore  ph 0 1 0 s y n t h a t e pro- 
duction) at  Sower  ambient  CO^  concentrations  than  Cg  plants. 

Black  (1971),  ChoSSet  and  Orgren  (1975)  have  detailed  other  important 
differences  between  Cg  and  C4  plants.  Plants  with  the  C4  pathway  do  not  reach 
light  saturation  levels  even  in  full  (100%)  sunlight  while  Cg  plants  are  Sight 
saturated  at  one-fourth  to  one-third  full  sunlight  levels.  The  point  at  which 
the  photosynthetic  process  balances  the  respiration  process  so  that  net  CO2 
uptake  is  zero  and  net  O2  production  is  zero  is  called  the  compensation  point. 
Plants  of  the  Cg  variety  reach  the  compensation  point  at  30  to  70  parts  per 
million  (ppm)  of  ambient  CO2  while  C4  plants  reach  the  compensation  point  at 
levels  of  0 to  10  ppm  CO2 • 

On  the  basis  of  milligrams  of  CO2  fixed  per  square  decimeter  of  leaf 
area  per  hour,  Cg  plants  are  less  productive.  They  have  rates  of  between  15  to 
40  mg  CO2  dirT^hr"^  while  C4  plants  have  a range  of  40  to  80  mg  CO2  dmT^hr-^ . 
Photorespiration  is  absent  or  very  low  in  C4  plants  while  Cg  plants  have  high 
rates  of  CO2  generation  in  light.  This  is  significant  since  CO2  generation 
comes  from  the  respiration  of  photosynthetic  products.  Three-carbon  plants, 
therefore,  must  incorporate  more  CO2  than  C4  plants  Just  for  maintenance. 

Two  more  points  are  important.  On  the  basis  of  production  of  dry  matter 
produced  per  hectare  per  year,  Cg  plants  in  general  produce  about  22  tons 
while  C4  plants  produce  39  tons.  Maximum  photosynthesis  in  Cg  plants  occurs 
at  about  20-25°C  while  C4  plants  have  an  optimal  temperature  range  of  between 
30-35®C. 

The  features  of  temperature  range  for  maximum  photosynthesis  and  the 
known  responses  of  Cg  and  C4  plants  to  Sight  intensity  give  a qualitative  way 
of  determining  the  photosynthetic  pathway  of  a particular  plant  species  from 
phenologscal  development.  If  a plant  grows,  produces  inflorescences  and  sets 
fruit  during  times  of  the  year  when  temperatures  are  relatively  low  (the  cool- 
season)  and  when  light  intensities  are  reduced,  it  is  probably  a Cg  plant  and 
is  commonly  referred  to  as  a cool-season  plant.  If  however,  maximum  phono- 
logical development  occurs  during  the  warm  season  when  temperatures  and  Sight 
intensities  are  high  during  the  day,  the  species  is  probably  a C4  plant 
(Waller  and  Lewis  1979). 
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In  short,  C4  or  warm-season  plants  are  at  an  advantage  when  photosynthe- 
sis is  limited  by  COq  concentration,  when  light  intensities  are  high,  when 
high  temperatures  prevail  and,  because  of  their  relatively  low  transpiration 
rates  compared  to  Cg  plants,  when  water  is  not  readily  available  (Bjorkman 
1 973)  . 

Krebs  (1978)  has  summarized  the  features  of  the  CAM  pathway.  These 
plants  have  very  Sow  transpiration  rates  and  maximum  rates  of  photosynthesis 
of  1 to  4 mg  drrT^hr"'*  of  CO2  fixed.  CAM  plants  have  compensation  points  of 
about  5 ppm  CO2  in  the  atmosphere  during  the  night  and  up  to  200  ppm  ambient 
CC>2  concentration  during  the  day.  Photorespiration  is  probably  present  but 
the  level  is  difficult  to  detect  experimentally.  The  optimum  temperature  for 
growth  for  CAM  plants  and  hence  for  photosynthesis  is  about  35°C.  Dry  matter 
production  per  hectare  per  year  is  extremely  variable  as  is  light  saturation 
of  photosynthesis.  The  latter,  though,  is  probably  well  below  full  sunlight. 

From  the  above,  it  would  appear  that  C4  plants  are  superior  in  every  res- 
pect when  compared  to  Cg  and  CAM  pathway  plants  (Black  1971).  However,  C4 
plants  do  have  one  known  disadvantage.  That  is,  up  to  about  30°C,  Cg  plants 
incorporate  more  CO2  Per  light  energy  quanta  absorbed  than  do  C4  plants 
(Ehleringer  1978).  Further,  some  Cg  species  do  exist  which  have  maximum  photo- 
synthesis rates  on  a leaf  area  basis  equal  to  or  exceeding  the  highest  known 
C4  species  rates  (Mooney  et  al.  1976). 

As  Ehleringer  (1978)  points  out,  C4  plants  are  not  ubiquitous  which 
suggests  C4  photosynthesis  is  not  advantageous  in  every  environment.  He  fur- 
ther suggests  that  the  C4  photosynthetic  pathway  might  even  be  disadvantageous 
in  some  regions.  Teeri  and  Stowe  (1976)  have  shown  that  C3  plants  predominate 
in  coo  I -temperature  regions  while  C4  plants  are  most  abundant  in  subtropical 
and  desert  areas  of  the  world. 


4 . 4 Photosynthetic  Pathways  and  Dietary  Botanical 
Composition  of  Large  Herbivores 

Response  of  large  herbivores  to  the  presence  or  absence  of  a particular 
photosynthetic  pathway  is  largely  a matter  of  preference  and  the  forage  intake 
requirements  needed  for  physiological  maintenance  and  growth.  Forage  intake 
requirements  of  large  herbivores  and  factors  affecting  diet  selection  are 
dealt  with  in  Chapters  C and  E,  respectively. 

Still,  ph 0 t 0 s y n t h e t i c pathways  present  in  forage  plants  can  affect 
herbivore  species.  Caswell  et  al.  (1973)  have  proposed  an  hypothesis  which 
states  that  generally  C4  plants  are  poorer  food  sources  than  are  Cg  plants. 
They  contend  that  this  hypothesis  is  supported  in  part  by  the  fact  that  herbi- 
vores tend  to  avoid  feeding  on  C4  species.  Krebs  (1978)  states  that  animals 
feeding  on  C4  species  have  lower  survival  rates  and  lower  fecundity.  They  are 
also  avoided  in  laboratory  preference  tests.  The  above  studies,  however, 
deal  primarily  with  insects  rather  than  with  the  large  herbivores  which  are 
the  subject  of  this  review. 

If  the  above  statements  and  hypothesis  are  true  for  large  grazing 
animals,  then  one  would  expect  consistantlv  less  warm-season  plant  components 
in  the  animal  diets.  This  prediction  is  discussed  in  succeeding  sections. 
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4.4,1  Assignment  of  Photosynthetic  Pathways  to  Diet  Components 

There  is  a large  body  of  literature  which  designates  plant  species  as 
warm-season  or  coo  I -season.  Papers  in  this  literature  consist  of  compilations 
of  plants  according  to  photosynthetic  pathway  (Waller  and  Lewis  1979,  Downton 
1975),  papers  which  discuss  photosynthesis  and  cite  various  plant  species  as 
examples  of  plants  having  a particular  pathway  (Black  1971)  and  papers  which 
label  a plant  as  having  Cg  or  C4  pathways  without  giving  a source  or  the  cri- 
teria for  such  a designation  (Troughton  et  a!.  1974). 

We  have  compiled  a list  of  plants,  both  monocots  and  dicots,  broken  down 
according  to  plant  species  and  the  stated  photosynthetic  pathway  (Skiles  and 
Van  Dyne  1981).  The  list  consists  of  1585  entries  taken  from  21  sources  (see 
Section  4.4.3).  From  this  list  we  have  assigned  ph 0 t o s y n t h e t i c pathways  to 
plants  that  appear  as  components  of  large  herbivores*  diets.  The  pathway  was 
assigned  when  one  or  more  of  the  sources  so  designated  a plant  species9 
pathway.  For  grasses,  there  were  few  plants  that  appeared  in  the  diet  for 
which  no  pathway  could  be  assigned.  Fewer  forbs  have  apparently  been  studied 
to  ascertain  photosynthetic  pathways  as  only  about  60%  of  forbs  appearing  as 
large  herbivore  diet  components  could  be  assigned  a pathway.  Shrubs  and 
browse  were  rarely  assigned  a pathway  as  very  few  references  designated 
pathways  for  them. 

In  some  instances,  two  or  more  references  gave  conflicting  photosynthetic 
pathway  assignments.  That  problem  is  addressed  next. 


4.4.2  Provisional  Assignment  of  Photosynthetic  Pathway  to  Diet  Components 

Those  authors  who  use  the  designation  of  Cg  or  C4  plants  or  cool-season 
or  warm-season  plants  in  their  studies  but  do  not  cite  an  authority  for  such 
designations  present  a problem  when  the  objective  is  to  compile  species  lists 
according  to  photosynthetic  pathway.  Warnes  and  Newell  (1969)  and  Conard  and 
Youngman  (1965)  are  papers  that  report  on  studies  which  use  as  an  hypothesis 
the  differences  between  Cg  and  C4  plant  responses  to  environmental  changes 
that  are  due  to  the  mechanisms  of  the  two  photosynthetic  pathways.  Yet,  the 
workers  do  not  elucidate  their  criteria  for  designating  one  plant  species  as 
Cg  and  another  as  C4. 

The  above  two  cited  papers  consider  less  than  ten  plant  species  in  each. 
A greater  problem  are  those  papers  that  present  extensive  plant  lists  broken 
down  according  to  photosynthetic  pathway  but  again  do  not  cite  the  criteria  or 
authorities  used  for  those  designations.  A case  in  point  is  the  paper  by  Sims 
et  al.  (1978).  The  problem  is  exaseerbated  when  the  compilation  contains 
errors.  For  example,  they  list  seven  species  of  Qpun  t i a as  warm-season 
plants,  but  Troughton  et  al.  (1974)  claim  Op t u n t i a po 1 yaeantha  is  a CAM  plant. 
(The  Opunt i a sp.  designation  in  the  Sims  et  al.  1978  paper  may  be  in  part  due 
to  the  species'  phenological  development,  during  the  warm-season) . The 
authors  give  no  clue,  however,  as  to  their  criteria  for  the  warm-season  desig- 
nation. Sims  et  al.  (1978)  list  Sporobolus  cryptandrus  as  a Cg  plant  while 
four  sources  (Kautz  and  Van  Dyne  1978,  Downton  1975,  Waller  and  Lewis  1979, 
Smith  and  Brown  1973)  consider  that  species  a warm-season  plant. 
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The  errors  in  the  above  paper  represent  incorrect  designation  by  the 
authors.  Type-setters  and  printers  also  make  errors.  Waller  and  Lewis  (1979) 
is  such  an  example.  The  most  noticeable  error  in  that  paper  is  the  designa- 
tion of  corn  (Zea  mays)  as  a Cg  plant.  The  error  here  was  made  at  the  printer 
(Lewis  personal  corrmun i cat i on) . However,  one  of  the  references  consulted  does 
assign  Zea  mays  a Cg  pathway  (Smith  and  Brown  1973).  It  is  unknown  whether 
this  latter  designation  is  an  author  or  printer  error. 

A further  complication  are  those  dietary  botanical  studies  which  report 
dietary  components  to  the  genus  level  only.  That  is  not  a problem  when  it  is 
k n own  that  all  the  species  within  a genus  possess  one  particular  photosyn- 
thetic pathway.  Genera  do  exist,  however,  which  include  species  that  are 
Cg  and  species  that  are  C^.  Examples  include  Artemisia  sp.,  At  r i p 1 ex  sp., 
F S aver i a sp.,  P a n i c um  sp.  and  Senec  i o sp.  (There  are  also  genera  (Mol  I ugo  ) 
that  exist  which  possess  species  that  are  apparently  evolutionary  inter- 
mediates between  Cg  and  metabolism  (Kennedy  et  al . 1980).  This  is  a fur- 
ther complication.)  Therefore,  in  this  review  in  instances  where  dietary 
components  were  reported  only  as  to  the  genus  and  where  ph o t o s y n t h e t i c 
pathways  of  both  Cg  and  C4  appear  in  that  genus,  no  photosynthetic  pathway 
assignment  was  made.  In  instances  where  the  references  consulted  disagreed  as 
to  pathway,  no  assignment  was  made.  Where  a number  of  species  in  a genus 
were  listed  as,  say  Cg,  and  that  genus  was  not  anywhere  listed  as  C4,  a new 
genus  species  name  encountered  in  the  dietary  composition  work  was  assigned  a 
provisional  photosynthetic  pathway  of  Cg.  Finally,  when  a genus  species  name 
occurred  once  and  only  once  in  our  plant  list  and  a species  was  reported  as  a 
dietary  component  that  had  the  same  genus  name  but  was  a different  species, 
the  species  was  provisionally  assigned  the  same  pathway  as  the  species  on  our 
list.  Provisional  assignment  of  ph 0 t 0 s y n t h e t i c pathway  is  denoted  in  the 
botanical  composition  of  diet  tables  with  a . 


4.4.3  Sources  Used  for  Photosynthetic  Pathway  Assignment 

The  sources  used  for  the  compilation  of  plant  species  and  their  photo- 
synthetic pathways  are  cited  in  this  section.  The  complete  reference  is  given 
in  the  Literature  Cited  section.  The  sources  used  were:  Black  (1971),  Brown 
(1978),  Conard  and  Youngman  (1965),  Downton  et  al.  (1969),  Downton  (1975), 
Ehteringer  (1978),  Gerwick  et  al.  (1980),  Gurevitch  (1980),  Kautz  and  Van  Dyne 
(1978),  Lerman  et  al.  (1974),  Medina  and  Troughton  (1974),  Sims  et  al  . (1  978), 
Smith  (1976),  Smith  and  Brown  (1973),  Smith  and  Turner  (1975),  Teeri  and  Stowe 
(1976),  Troughton  and  Card  (1975),  Troughton  et  a! . (1974),  Waller  and  Lewis 
(1979),  Warnes  and  Newell  (1969)  and  Williams  and  Markley  (1973). 


5.0  UNPUBLISHED  BUREAU  OF  LAND  MANAGEMENT  DIET  DATA 


The  Denver  Service  Center  of  the  Bureau  of  Land  Management  in  1977 
requested  from  various  State  Directors  and  district  offices  in  the  western 
United  States  information  concerning  dietary  botanical  composition  on  wild 
horses  and  burros  as  well  as  other  large  herbivores  on  public  lands.  They 
were  collecting  Information  on  the  fecal  analysis  studies  that  had  been  done 
in  various  states  and  districts.  Mr.  Melt  Frei  compiled  this  information  and 
provided  the  original  data  to  us  for  our  consideration.  The  information  we 
have  summarized  here  we  believe  is  relatively  complete  up  through  early  or 
middle  1 979 . 

Table  D2  provides  a summary  of  the  data  provided  by  the  districts  and 
states  (i.e.,  those  that  had  such  information  at  the  time)  and  which  have  been 
compiled  and  summarized  herein  (see  Appendix  IS!). 

No  detailed  information  was  provided  to  us  as  to  the  methodology  of  data 
collection,  interpretation,  or  its  accuracy  or  precision.  Most,  if  not  aS S of 
the  analyses  of  botanical  composition  on  these  fecal  samples  was  made  by 
micro-histological  analyses  through  a commercial  food  composition  analysis 
laboratory.  No  data  are  available  as  to  the  number  of  sampling  units  (pellet 
groups,  fecal  collections,  etc.)  that  went  into  each  individual  data  point. 
In  some  cases  the  year  and  the  season  of  collection  were  not  well  defined.  In 
other  cases  it  was  difficult  to  decipher  what  plants  were  determined  in  the 
analysis. 

We  have  summarized  the  data,  to  the  best  of  our  ability,  according  to 
animal  species  (cattle,  horse,  sheep,  deer,  elk,  pronghorn  antelope,  burro,  or 
other),  year,  season,  months,  and  plant  species  or  group.  We  have  presented 
plants  according  to  Latin  names.  In  some  cases  original  data  were  defined  by 
Latin  names  and  in  other  cases  only  common  names  are  given.  We  have  assigned 
what  we  feel  is  the  most  probable  Latin  name  for  a given  common  name  for 
plants  in  that  region.  We  have  also  assigned  the  SCS  plant  codes  (USDA  Soil 
Conservation  Service  1971)  based  on  the  "National  List  of  Scientific  Plant 
Names".  We  have  used  both  the  original  1971  list  and  the  updated  1978  listing 
of  such  names.  Given  the  most  probable  Latin  name  of  the  species  or  group,  we 
have  assigned  the  most  probable  growth-season  response  for  the  plants,  i.e., 
Cg  or  referring  respectively  to  what  are  usually  termed  cool-season  or 
warm-season  plants.  When  the  "+"  sign  is  used  with  the  or  designation 
designation  it  means  that  we  are  assigning  a provisional  classification  (see 
Appendix  Tables  I 111  through  11110). 

We  have  subdivided  the  data  into  two  groupings  in  our  summarization. 
First  we  take  those  plant  species  or  groups  which  represent  5%  or  more  in  the 
diets  of  the  herbivores  for  which  data  are  reported.  We  report  separately 
simply  the  listing  of  Latin  names  of  the  species  or  group  for  those  plants 
which  are  less  than  5%  in  the  diet.  Thus,  the  tables  in  Appendix  II!  can  be 
referred  to  in  pairs,  the  first  always  being  the  summary  for  those  plant 
species  or  groups  with  5%  or  more  in  the  diets  and  the  second  those  for  less 
than  5%.  We  chose  this  "breaking  point"  of  5%  because  we  feel  that  the 
precision  of  the  data  at  best  is  no  greater  than  estimating  diet  ccomposition 
to  the  nearest  5%. 
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Table  D2.  A summary  of  the  kind  and  extent  of  unpublished  Bureau  of  Land  Management  data  on  dietary  botanical  composition  of  large 
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We  have  averaged  the  data  within  seasons  and  animal  groups  for  given 
localities  by  two  different  methods.  First  we  derived  an  average  from  the 
original  data  points.  For  example,  in  one  instance  there  might  have  been  20 
individual  samples  which  came  from  4 sub-areas  within  the  district  or  zone.  We 
consider  these  as  the  "weighted®1  mean  or  average.  These  20  samples  may  have 
been  taken  in  4 different  subs-zones.  A second  average  we  give  is  the  simple 
arithmetic  average  of  the  4 zone  means.  Thus  in  the  tables  in  Appendix  Ml, 
for  plant  species  representing  5%  or  more  in  the  diets,  two  sets  of  means  are 
provided. 

The  data  in  Appendix  Table  111  are  presented  with  up  to  four  significant 
figures.  This  is  simply  a calculation  artifact.  We  do  not  imply  that  the 
data  are  that  precise.  in  effect,  the  values  should  be  rounded  to  the  nearest 
whole  percent  at  best. 

Considerable  caution  should  be  exercised  when  interpreting  dietary 
composition  data  from  fecal  analyses  methods.  It  has  been  shown  in  several 
studies  that  there  is  a bias  in  estimates  of  percentage  composition  by  weight 
of  plants  in  diets  based  on  fecal  analysis.  This  is  because  of  differential 
digestibility  and  differential  recogni zabi I i ty  of  the  plants  in  the  fecal 
material  as  we  have  discussed  In  Section  3.  Generally,  one  can  expect  a 
positive  bias  in  the  percentage  composition  for  shrubs  and  a negative  bias  in 
the  percentage  composition  for  forbs. 

We  present  the  data  in  their  present  state  of  aggregation  and  analyses 
primarily  for  their  reference  value.  Because  the  sampling  and  collection 
design  are  not  well  specified  in  most  cases,  it  is  difficult  to  make  further 
analyses  and  interpretations  at  this  stage.  However,  with  considerable 
further  effort  in  analysis,  these  data  could  yield  additional  needed 
information  concerning  dietary  botanical  composition  of  large  herbivores  on 
public  lands.  Resource  management  agencies  should  promote  and  support  further 
collection,  analysis,  reporting,  and  interpretation  of  such  information 
according  to  a reasoned,  thorough,  and  uniform  design. 


6.0  DIETARY  BOTANICAL  COMPOSITION  OF  LARGE  HERBIVORES 


The  information  and  data  presented  in  this  section  is  a summary  of  the 
dietary  botanical  composition  of  large  herbivores  based  on  information 
extracted  from  the  open  scientific  literature.  Some  137  references  were  used 
in  the  compilation.  The  information  from  each  of  those  references  is 
tabulated  according  to  animal  in  Appendix  IV  which  consists  of  20  tables.  The 
large  herbivores  considered  were  cattle,  sheep,  bison,  bighorn  sheep, 
pronghorn  antelope,  mule  deer,  whitetailed  deer,  elk,  horses,  and  feral 
burros. 

Throughout  this  section  reference  will  be  made  to  Appendix  IV  which 
contains  two  tables  for  each  of  the  10  herbivores  listed  above.  Odd  numbered 
tables  refer  to  diet  component  of  5%  or  greater  while  even  numbered  tables 
refer  to  diet  components  of  less  than  5%. 

The  tables  were  compiled  as  each  reference  was  found  in  the  literature. 
A number  was  assigned  to  each  of  those  references.  For  brevity,  the  following 
discussion  uses  reference  numbers  rather  than  the  full  citation.  Figure  D1 
shows  the  approximate  geographical  location  where  each  of  the  dietary 
botanical  composition  studies  were  done. 

The  tables  show  across  the  top  reference  numbers  then  any  specific  season 
or  treatment  or  stocking  regime  which  was  a study  variable  and  important  in 
interpreting  results.  Also  shown  is  the  method  whereby  the  botanical 
composition  of  the  diet  was  determined.  These  are  abbreviated  as  follows: 
BC,  bite  count;  CP,  clipping  or  plucking;  ES,  esophageal  analysis;  FA,  fecal 
analysis,  HS  , hunting  season;  ME,  m i cr oh i s to  I og ic a I examination;  OE , occular 
estimation  or  observation;  RO,  random  observation;  RA,  rumen  or  stomach 
analysis;!  and  WE,  weight  estimate. 

The  left  side  of  the  table  lists  an  SCS  plant  code,  the  Latin  name  of  the 
plant  species,  and  the  pho to syn the t i c pathway  of  the  plant  if  known.  Table 
entries  are  percentages  of  that  plant  in  the  diet  reported  by  that  reference. 


6.1  Domestic  Herbivores 


The  primary  economic  concern  for  the  grazingland  resource  manager  is  use 
by  domestic  herbivores  of  the  range  resource.  The  domestic  animals 
considered  in  this  subsection  are  cattle  and  sheep. 


6.1.1  Cattle 

Appendix  Tables  IV1  and  SV2  deal  with  the  information  extracted  from  the 
literature  for  cattle.  Some  49  sources  of  cattle  diet  botanical  composition 
were  used  to  produce  the  88  entries  in  Appendix  Table  1 VI . The  various  states 
in  which  those  studies  were  carried  out  are  Arizona,  California,  Colorado, 
Georgia,  Idaho,  Montana,  New  Mexico,  Nevada,  Oregon,  Texas,  Utah,  and 
Washington.  The  studies  were  carried  out  in  all  seasons  and  used  fertilized 
and  unfertilized  pastures,  light  and  heavy  grazing  regimes,  etc. 

The  highest  single  entry  for  a grass  species  was  5 9%  $ p o r ob  o I us 
c ryptandrus  in  reference  number  17  for  May  through  Oc tob er  on  an  "old  field" 
pasture.  Agropyron  sp.  made  up  54%  of  cattle  diets  in  the  study  reported  by 
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reference  number  28.  Boute I oua  gracilis  made  up  57%  of  the  diets  in  the  study 
reported  by  reference  60  for  the  year  1969-70.  The  same  species  of  grass  made 
up  50%  when  cattle  grazed  on  native  grass  range  in  1967-68  (reference  70). 
Fifty-five  percent  of  B.  gracilis  was  in  the  diet  according  to  reference  75 
which  was  conducted  on  native  grasses  in  May  through  October.  Reference  85 
showed  63%  of  cattle  diets  were  made  up  of  S i t an i on  hy s t r i x , a Cg  grass,  in 
winter.  This  was  the  highest  overall  value  for  a single  grass  species. 
Reference  103  reported  a value  for  gracilis  of  61%  in  a yearlong  study.  In 
all,  B_^  gracilis  is  a common  grass  in  a number  of  cattle  diets.  Other 
important  grasses  in  cattle  diets  overall  are  the  cool-season  plants 
B r omu s sp.  and  Agr opyr on  sp. 

Thirty  sources  reported  no  shrub  use  by  cattle.  The  highest  total  shrub 
use  was  shown  in  reference  44  which  document  e d a study  done  on  a fertilized 

pasture.  That  value  was  49%  shrubs. 

A variety  of  methods  for  determining  dietary  botanical  composition  for 
cattle  studies  are  shown  in  Appendix  Table  I VI  . They  included  bite  count 
(BC),  occular  estimation  (OE),  esophogeal  analysis  (EA),  fecal  analysis  (FA), 
mi cr o-h i s to  1 og i ca S examination  (ME),  rumen/ s t omach  analysis  (RA),  and  weight 

est  imate  (WE) . 

Seven  entries  in  Appendix  Table  I VI  reported  "other"  or  unidentified 

plants  and  39  entries  for  forb  use. 

The  general  impression  one  gets  from  looking  at  Appendix  Table  I VI  is 
that  cattle  primarily  consume  grass.  Another  impression  is  that  cattle  rely 
on  perhaps  two  or  three  grass  species  for  the  major  portion  of  their  diets. 
Of  course,  there  are  exceptions  and  cattle  do  sample  a number  of  grass  species 
other  than  the  major  dietary  components. 

Twenty-eight  entries  in  IV1  were  averaged  to  get  a shrub  use  "average"  of 
about  27%.  The  notable  exceptions  were  reported  by  reference  73  for  a desert 
shrub  area  where  74%  of  the  diet  was  shrubs.  Reference  83  reported  80%  of  the 
diet  was  shrubs  in  the  summer  in  a desert  shrub  area;  the  plant  used  most 
often  there  was  Eurotia  lanata.  In  the  fall,  that  same  reference  reported  95% 
of  the  cattle  diet  was  made  up  of  shrubs.  Reference  83  also  reported  83%  of 
the  diet  was  composed  of  shrubs  in  the  fall  and  winter.  These  latter  are 
unusual  and  high  totals  for  cattle.  The  study  reported  by  reference  83  was 
done  in  south-eastern  Nevada  and  one  may  infer  that  the  heavy  shrub  use  was  a 
function  of  pa  I atab i I i ty , seasonality  and  locality,  perhaps  more  so  than  the 
other  studies  reviewed. 

Average  percent  of  forbs  in  the  diet  was  27%  for  the  57  entries  in 
Appendix  Table  IV1  which  shows  forb  use.  (This  is  in  contrast  to  an  average 
grass  percent  in  the  diet  reported  by  reference  71).  High  forb  use  is 
reported  by  reference  78.  That  column,  though  the  total  was  not  reported  in 
the  study,  shows  a forb  use  of  86%. 

Appendix  Table  IV2  shows  an  average  of  diet  components  (species)  in  the 
diet  of  about  8,  with  components  from  64  entries  in  1 VI  . Use  of  Table  I V2 
(and  all  other  even  numbered  tables  in  Appendix  IV)  is  restricted  primarily  to 
noting  the  number  and  frequency  of  dietary  components  of  less  than  5%  in 
relation  to  the  information  presented  in  the  paired  odd  numbered  tables.  Low 
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totals  in  I VI , for  example,  may  be  explained  by  looking  at  IV2  and  noting  that 
several  highly  preferred  plants  are  present*  These  latter  may  have  been  close 
to  5%  and  their  sum  explain  the  discrepency  in  the  main  table. 


6.1.2  Sheep 

Appendix  Table  IV3  shows  a total  of  28  reference  and  60  entries  for  sheep 
dietary  components  of  5%  or  greater.  Studies  on  sheep  diets  are  reported  to 
have  been  carried  out  In  California,  Colorado,  Idaho,  Montana,  New  Mexico, 
Texas,  Utah,  and  Wyoming.  Only  11  entries  report  unidentified  plants. 

Special  characters  used  in  IV3  require  explanation.  Reference  8 reported 
on  a study  wherein  Fe  s tuca  ov  i na  and  F^_  r ub i na  were  indistinguishable  one  from 
the  other.  This  combination  is  denoted  in  the  table  by  a bracket  preceeding 
each  entry.  Reference  49  for  forbs  reported  a range  in  the  diet  of  from  2%  to 
10%  for  Medicago  hispida.  This  is  shown  in  the  table  as  2-  on  one  halfline 
above  and  10  one  haSfSine  below  the  main  line. 

Twenty-eight  out  of  68  entries  show  some  shrub  use  with  an  average  use  of 
shrubs  of  33%.  Reference  number  80  reports  on  a study  done  at  three  time 
periods  within  one  season  (sumner) . The  data  were  averaged  over  these  three 
periods,  hence  a total  plant  use  of  100%  is  possible  from  the  addition  of  the 
percentages  in  this  column. 

Reference  81  reported  a high  shrub  usage  for  sheep,  an  entry  of  83%.  The 
next  lowest  was  75%  under  reference  47.  The  highest  shrub  use  (though  no 
total  was  reported)  is  shown  in  the  column  for  reference  63.  That  usage  was 
reported  as  9 9%  for  Sight  stocking  of  the  range  and  treatment  II  (see 
reference  63)  in  the  winter. 

Thirty-one  entries  out  of  88  show  some  forb  use  at  or  above  5%.  Average 
forb  use  for  those  entries  is  32%  (exclusive  of  reference  80). 

Highest  entry  for  forb  use  comes  from  winter  study  and  is  shown  for 
reference  84. 

The  highest  single  entry  for  grasses  in  the  table  (IV3)  comes  from 
reference  number  58  for  an  October  through  March  study.  Reference  63, 
treatment  I,  shows  a heavy  use  of  the  Cg  grass  Oryzopsis  hymenoides;  a value 
of  55%  for  winter  light  stocking.  The  highest  total  grass  use  was  95%  under 
reference  77.  On  average,  for  those  entries  in  I V3  which  show  grass 
consumption,  46%  of  the  diet  was  made  up  of  grass. 

Appendix  Table  IV4  shows  38  entries  that  recorded  less  than  5%  of  diet 
components  in  sheep  diets.  The  average  number  of  species  of  forage  per  entry 
is  about  9 . 


6.2  Bison 


Appendix  Table  IV5  shows  the  greater  than  5%  diet  components  for  bison. 
Two  references  (38  and  88)  report  on  studies  which  indicate  bison  use 
significant  amounts  of  the  C4  plant  Boute I oua  gracilis  under  various 
stocking  regimes  and  during  the  summer  and  fall  months.  However,  under 
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references  89  and  125,  Car  ex  sp.  (a  C3  plant)  is  the  single  largest  diet  com- 
ponent in  summer  and  fall.  References  89  and  125  refer  to  studies  done  in 
Canada  while  references  38  and  88  are  for  studies  conducted  in  northeastern 
Colorado*  The  use  of  the  two  different  plant  species  by  bison  is  almost 
surely  a function  of  what  plant  grows  most  abundantly  on  which  study  area  and 
not  animal  preference  per  s e . Based  only  on  the  four  references  shown  in  IV5, 
bison  rarely  use  forbs  or  shrubs. 

Appendix  Table  SV6  shows  diet  components  for  bison  that  are  less  than  5%. 
The  average  number  of  species  per  entry  in  Appendix  Table  IV5  is  11,  though 
one  instance  is  shown  of  some  30  species  in  the  diet,  each  less  than  5%  of  the 

total . 


6. 3 Bighorn  Sheep 

Our  compilation  for  bighorn  sheep  came  from  7 sources  and  produced  17 
entries  in  Appendix  Table  IV7.  Bighorn  sheep  diets  are  made  up  in  large  part 
of  grass  though  forb  use  can  be  high  depending  upon  the  season.  Shrubs  are 
also  used  heavily  (reference  6,  130),  but  this  may  be  a terrain  or  site 

I ocat i on  effect . 

Appendix  Table  SV8  for  less  than  5%  of  the  diet  components  has  an  average 

number  of  plants  per  entry  of  17. 


6 . 4 Pronghorn  Antelope 

Appendix  Table  SV9  shows  the  compilation  for  pronghorn  antelope  diets 
with  components  of  5%  or  greater.  There  are  40  references  and  85  entries. 
The  studies  from  which  these  data  were  gathered  were  conducted  in  Alberta  and 
Saskatchewan,  Canada,  California,  Colorado,  Idaho,  Kansas,  Montana,  Nebraska, 
Nevada,  Oregon,  South  Dakota,  Texas  and  Wyoming. 

Of  interest  is  the  use  by  pronghorn  of  cactus  wheat  and  cultivated 
plants.  In  s ome  instances,  cactus  ( Op u n t i a sp.)  is  a significant  portion  of 
antelope  diets. 

Few  grass  species  are  used  by  pronghorn  antelope  as  shown  by  the  number 
and  amounts  of  grass  species  in  IV9;  there  are  only  six  evenly  divided  between 
C3  and  C4  species.  The  highest  entry  occurs  under  reference  34  for  a total  of 
52%  grass  in  the  diet  on  a heavily  grazed  pasture.  Forty-four  percent  usage 
occurred  in  the  same  study  but  under  the  light  grazing  regime.  It  is  not 
possible  to  infer  whether  C3  or  C4  grasses  predominate  in  the  diet  from  the 
data  in  IV9.  Average  grass  use  for  entries  that  reported  grass  use  was  15%. 

The  highest  entry  in  the  total  forb  forage  class  was  95%  for  June  and 
July  under  reference  48.  That  study  employed  a variety  of  diet  composition 
determination  methodologies  including  random  observation,  rumen  extrusa 
analysis  and  (occular)  observation.  Reference  107  shows  a forb  usage  of  85%; 
reference  96  shows  80%  forb  usage.  Sixty-eight  of  85  entries  for  forb  use  by 
pronghorn  antelope  are  shown  in  Appendix  Table  IV9.  The  average  of  these  was 
35%.  Streptanthus  eordatus  was  consumed  as  reported  by  two  studies  but  there 
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does  not  appear  to  be  any  one  or  two  mainly  used  forbs.  Sal  sola  kali  and 
Er logon urn  effusum  were  used  minimally  by  antelope  as  shown  in  Appendix  Table 

I V9.  " — _ 

The  highest  shrub  use  by  pronghorn  antelope  occurred  on  a 
sagebrush-steppe  rangeland  during  the  winter.  That  use  was  100%  shrubs  in  the 
diet  (reference  107).  Chrysothamnus  vicidifiorus  was  reported  as  being  used 
by  antelope  in  only  one  study,  but  it  was  used  on  all  four  study  variations. 
It  is  unknown  what  the  herbage  composition  of  the  range  was  or  why  this 
plant  was  (apparently)  actively  sought  by  the  antelope. 

There  are  72  out  of  85  entries  in  Appendix  Table  1V9  which  report  shrub 
use.  In  these  72,  the  average  shrub  use  was  68%  shrubs  in  the  diet. 

Appendix  Table  SV10  shows  diet  components  for  pronghorn  antelope  of  less 
than  5%.  Of  note  is  one  entry  for  110  plant  species  which  were  in  the  diet 
but  in  small  amounts.  That  number  is  contrasted  with  several  entries  of  only 
one  plant  species.  The  average  number  of  diet  components  of  less  than  5%  for 
pronghorn  antelope  is  about  15. 


6.5  Deer 


6.5.1  Whitetailed  Peer 

Appendix  Table  I VI 3 shows  5 references  with  11  entries.  The  geographical 
range  of  diet  studies  done  on  whitetailed  deer  includes  Arizona,  Montana,  and 
Texas . 


Whitetaiied  deer  do  not  appear  to  eat  much  grass.  The  overall  impression 
is  that  they  consume  more  shrubs  than  any  other  forage  class.  Five  percent  or 
greater  components  include  at  times  Agave  sp.  and  Opunt i a sp.  A predominant 
photosynthetic  pathway  for  the  plant  species  which  whitetailed  deer  utilize 
most  is  difficult  to  determine. 

The  Appendix  Table  IV14  shows  that  whitetailed  deer  are  not  all  eclectic 
in  their  diets.  The  average  number  of  diet  components  less  than  5%  is  11 
though  some  entries  are  as  high  as  76  plant  species. 


6.5.2  Mule  Deer 

Appendix  Table  I V1 1 shows  diet  components  greater  than  or  equal  to  5%. 
Grasses  are  used  very  little  but  when  consumed  at  all  they  are  mostly  C3 
species.  These  animals  are  consumers  or  samplers  of  a wide  variety  of 
vegetation  as  our  compilation  showed  an  average  of  13  diet  components  per 
entry  with  less  than  5%  usage  (Appendix  Table  I VI 2). 

Mule  deer  even  consume  at  times  P i nus  sp.,  Sa 1 i x sp.,  and  J u n i pe  r u s sp. 
at  or  above  the  5%  level. 
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6.6  E ! k 

There  are  10  references  and  17  entries  for  the  elk  Appendix  Table  I VI 5 ) . 
It  will  be  noted  that  C3  grasses  predominate  i n the  diet  where  they  are 
present,  even  in  the  warm  part  of  the  year. 

Heavy  winter  shrub  use  was  reported  for  elk  in  references  89  and  132. 
Reference  132  reported  a conconrmi  t ant  heavy  spring  and  summer  use  of  grasses. 

Appendix  Table  I VI 6 shows  the  diet  components  for  elk  which  were  less 
than  5%  of  the  diet.  The  average  number  per  entry  in  I VI  5 and  i VI  6 is  12, 
with  the  highest  being  22  and  the  lowest  being  3. 


6 . 7 Horses 

Appendix  Table  S VI 7 shows  diet  components  equal  to  or  greater  than  5%  for 
horses.  The  table  shows  six  references  and  eight  entries.  The  studies  were 
done  in  Alberta,  Canada,  New  Mexico,  and  Colorado  in  the  combined  seasons  of 
s pr  i ng- summer  and  fall -win  ter. 

Of  the  eight  entries  in  the  horse  table,  only  reference  4 reported  any 
use  of  shrubs  and  forbs  above  5%.  Reference  67  reported  unidentifiable  plants 
used  18%  and  27%  in  spring-summer  and  fall-winter.  It  is  unknown  if  any  of 
these  percentages  were  in  whole  or  in  part  for  forbs  and/or  shrubs. 

Reference  4 reported  shrubs  used  by  horses  were  Prosops  i s j u I i f I 0 r a and 
At  r i p I ex  sp . Sa i s 0 I a kali  was  used  up  to  32%  in  the  fa  II -winter  according  to 
refer  enc  e 4. 

The  highest  use  of  grass  shown  in  Appendix  Table  I V 1 7 was  54%  of  the 
C3  grass  S t i pa  sp.  in  the  summer  and  was  reported  by  source  17.  There  are  no 
entries  of  40%  grasses  in  horse  diets  but  several  in  the  30%  to  39%  range. 
The  30%  entries  include  Ca  r ex  sp.  and  S t i pa  sp.  Sporobo I us  sp.  was  used  to  23% 
in  spring-summer  according  to  reference  4.  Ca  r ex  sp.  and  S t i pa  sp.  were  used 
in  some  instances  to  the  20%  to  29%  level. 

According  to  the  tabular  information,  a genus  common  to  the  diet  of 
horses  is  Ca  r ex  sp.  as  is  the  genus  Agropyron  s p . K 0 e i e r i a c r i s t a t a also 
appeared  in  the  horse  diets. 

From  these  data,  horses  appear  to  be  consumers  of  grass  except  in 
southern  New  Mexico  in  the  locale  of  reference  4.  There,  the  use  of  shrubs 
and  forbs  indicate  location  specific  consumption  of  plants.  Also,  it  should 
be  noted  that  only  reference  4,  of  the  six  references,  reported  consumption  of 
C4  grasses.  These  were  L e p 1 0 c h I 0 a d u bj_a  and  Sporobo I us  sp.  Based  only  on 
reference  4,  when  C4  grasses  are  used  it  appears  that  forbs  and  shrubs  are 
added  to  the  diet. 

Appendix  Table  I VI 8 reports  diet  components  for  horses  of  less  than  5% 
for  entries  in  Appendix  Table  1V18.  The  average  number  of  less  than  5%  plants 
per  entry  is  about  8.  Some  of  the  plants  listed  in  I VI 8 are  grasses  but  there 
are  a number  of  forbs  and  shrubs.  Among  these  are  P i nus  sp.,  Artemis  i a sp., 
and  Que reus  sp.  It  is  unknown  whether  these  traces  were  taken  by  the  animals 
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because  the  plants  were  novel  and  attractive  to  the  animal,  or  whether  the 
trace  amounts  were  shoot  or  fruit  material  and  therefore  tender  and  moist,  or 
whether  they  were  selected  because  nothing  else  was  available  or  palatable* 
Given  the  error  in  sampling  methods  discussed  earlier  some  of  these  items  may 
in  fact  be  sample  contamination  or  not  present  at  all* 


6. 8 Feral  Bur  r os 

There  are  three  references  reported  for  burros  in  Appendix  Table  I VI  9 » 
These  references  (10,  128,  and  129)  report  on  studies  carried  out  in  Arizona 
and  California.  There  are  eight  entries  in  the  table  for  feral  burros.  The 
seasons  for  which  data  are  reported  are  annual,  spring,  summer,  faff,  and 
winter,  and  spring  and  fall.  One  source  reported  data  for  the  single  month  of 
March.  Reference  128  reported  76%  and  78%  for  total  shrubs  in  the  diet  for 
summer  and  fall  respectively.  The  highest  percentage  shown  in  Appendix  Table 
I VI  9 is  49%  of  P I an  t ago  i n s u B a r i s measured  during  the  spring  by  the  work 
reported  in  reference  128.  Six  species  of  grasses  are  listed  as  being  in 
burro  diets  over  all  three  studies,  two  forbs  and  eight  shrub  species. 

From  the  data  shown  in  Appendix  Table  I VI 9 it  is  difficult  to  judge  major 
dietary  components  for  burros.  They  apparently  eat  site-specific  and 
location-specific  plants. 

Appendix  Table  IV20  shows  the  plants  in  the  diets  of  burros  of  less  than 
5%  per  each  entry  in  Appendix  Table  1 VI 9 - The  average  number  of  plants  for 
each  entry  is  about  19.  This  shows  that  burros  sample  many  plants  but  only  a 
few  up  to  or  above  the  5%  level. 

Table  D3  is  a summary  of  the  number  of  references,  number  of  entries  and 
the  geographical  range  of  studies  of  diet  botanical  composition  of  large 
herbivores.  Table  D4  shows  the  number  of  species  according  to  forage  class 
found  in  the  diets  of  large  herbivores  from  our  compilation.  Also  shown  is 
the  number  of  Cg  or  C4  plants  we  were  able  to  identify  using  our  plant  list. 
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Table  D3.  Summary  of  number  of  references,  number  of  entries,  and  geographical  range  of  studies  of  diet 
botanical  composition  of  large  herbivores. 
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Table  D4.  Number  of  species  comprising  5 % or  more  of  the  diet  according  to  ) 
forage  class  compiled  from  137  references.  The  first  number  in 
parentheses  is  the  number  within  that  forage  class  for  that 


n umbe  r , 

those  assigned 

"a  C^  pathway. 

Herb i vore 

Grasses 

Forbs 

Shrubs 

Other 

Tota  1 

Cattle 

77 

35 

17 

123 

(36,  3^4) 

(12,  15) 

(i,  i) 

Sheep 

33 

46 

23 

- 

102 

(26,  5) 

(16,  3) 

(6,  4) 

Mule  Deer 

10 

35 

72 

5 

122 

(9 , D 

(14,  7) 

(12,  9) 

(3  CAM) 

Wh i teta i 1 ed  Deer 

3 

10 

18 

4 

35 

(1,  2) 

(2,  7) 

(2,  3) 

(2  CAM) 

Elk 

17 

11 

17 

- 

45 

(14,  2) 

(5,  3) 

(2,  1) 

Bighorn  Sheep 

13 

10 

1 1 

- 

39 

(9,  7) 

(6 , 3) 

(2,  2) 

Pronghorn  Antelope 

6 

13 

14 

- 

33 

(3,  3) 

(3,  6) 

(4,  3) 

Horse 

13 

1 

2 

- 

16 

(11,  2) 

(0,  1) 

(0,  0) 

Burro 

6 

0 

(0,  0)5/ 

- 

! 6 

(3,  3) 

(2,  0) 

B i son 

9 

1 

2 

- 

12 

(6,  3) 

(1,  0) 

(1,  0) 

a/ 


One  shrub  identified  as  having  CAM  photosynthesis. 


7.0  SUMMARY  AND  CONCLUSIONS 


Various  methods  of  forage  allocation  decision  making  require  an 
understanding  of  the  actual  or  relative  dietary  botanical  composition  of 
herbivores  grazing  on  the  same  rangeland.  This  information  is  required 
whether  qualitative  or  quantitative  methods  of  allocating  forage  are  used  and 
whether  the  quantitative  method  is  an  optimization  model  or  some  other 
approach.  The  dietary  composition  information  may  be  converted  into  dietary 
preference  information  or  it  may  be  used  directly  in  various  methods  of  making 
forage  allocation  calculations. 

In  this  paper  we  discuss  briefly  the  methods  of  estimating  dietary 
botanical  composition,  then  we  dicuss  the  Cg  - C4  classification  of 
grazingland  plants  as  an  aid  to  aggregating  individual  species  into  functional 
groups,  then  we  present  original  and  summarized  information  on  dietary 
botanical  composition  of  large  herbivores  grazing  on  western  rangelands  in  the 
USA.  The  data  presented  represent  unpublished  information  from  the  Bureau  of 
Land  Management  as  well  as  a surmnary  and  synthesis  of  information  from  the 
scientific  and  technical  literature.  Data  are  presented  in  considerable 
detail,  to  the  species  or  plant  group  level.  For  those  plant  species  or 
groups  contributing  5%  or  more  of  the  diet  as  measured  in  various 
investigations,  the  data  are  reported  in  quantitative  values.  For  those  plant 
species  or  groups  making  up  less  than  5%  of  the  dietary  botanical  composition, 
simply  the  names  of  the  plants  or  groups  are  given.  In  all  cases,  however, 
the  data  are  classified  as  to  animal  species,  location,  season,  and  other 
information  about  treatments  or  grazing  conditions. 

Determining  the  diet  of  a free-ranging  large  herbivore  requires  first 
collecting  a sample  of  what  was  grazed  and  then  analyzing  it.  Samples  may  be 
collected  by  direct  means,  such  as  through  the  use  of  fistulated  animals  or 
through  stomach  samples,  or  by  various  indirect  means.  One  indirect  means  is 
through  the  collection  of  fecal  material  from  the  rangeland  to  determine  what 
was  left  in  the  feces  after  the  plants  passed  through  the  digestive  tract  of 
the  animal.  Other  indirect  means  are  concerned  with  measuring  what  was  grazed 
from  the  rangeland. 

The  use  of  esophageal  or  rumen  fistulated  animals  appears  to  be  the  most 
accurate  method  available  to  collect  an  actual  sample  of  what  was  grazed  by 
the  animal.  Still,  because  the  animals  graze  a highly  selected  mixture  of 
plant  species  and  plant  parts  and  because  they  masticate  this  material  to 
various  degrees,  there  are  problems  in  identifying  or  recognizing  and  thus 
reporting  on  a percentage  weight  basis  the  plant  species  or  groups  in  the 
diet.  The  fecal  analysis  method  is  an  excellent  way  to  collect  materials  from 
the  rangeland  because  it  is  relatively  quick  and  inexpensive  and  can  be 
adapted  to  a large  number  of  animal  species  over  many  different  habitats  and 
seasons  of  the  year.  As  with  the  samples  taken  from  esophageal  or 
r umen-f  i s tu  I at  ed  animals,  however,  fecal  samples  do  not  lend  themselves  to 
easy  identification  of  the  dietary  botanical  components.  Furthermore,  there 
is  a major  problem  of  differentia!  digestibility  of  different  plants  and  thus 
differential  retention  in  the  fecal  material  of  different  plant  species  or 
groups  as  compared  to  the  same  items  in  the  diet.  Generally,  there  is  a 
positive  bias  in  the  analysis  of  fecal  sample  results  with  respect  to  the 
estimation  of  percentage  shrub  content  of  the  diet  and  a significant  negative 
bias  with  respect  to  the  forb  components  of  the  diet.  in  some  research 
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studies  there  has  been  no  significant  correlation  between  the  botanical 
composition  derived  from  esophageal  fistula  forage  samples  and  fecal  samples 
from  the  same  animals.  We  discuss  in  detail  herein,  with  example  numerical 
calculations,  how  differences  in  digestibility  and  r ecog n i zab  i I i t y can  cause 
strong  bias  in  estimates  of  diet  composition.  We  feel  that  without  further 
means  of  correcting  or  adjusting  fecal  analysis  data,  such  data  should  be  used 
only  to  determine  the  principal  species  constituents  of  the  diet  and,  to  a 
certain  extent,  the  relative  importance  value  of  plant  species  or  groups  in 
the  diet.  In  no  case  should  a great  deal  of  confidence  be  placed  on  the 
actual  percentage  composition  values  for  plant  species  and  groups  derived  from 
fecal  analysis  methodologies  unless  appropriate  correction  or  adjustments  are 
appl  ied  to  the  data . 

Bite-count  procedures  have  been  used  to  study  the  diets  of  large 
herbivores.  This  method  is  relatively  inexpensive,  but  cannot  be  readily 
adapted  to  many  wild  animal  species.  There  is  also  a problem  of  converting 
bite-count  information  into  a percentage  weight  measure. 

Various  methods  of  cl  ipping  grazinglands  before  and  after  grazing  or  in 
grazed  and  protected  areas  have  been  used  to  estimate  utilization  and  hence 
diet  composition  of  grazing  animals.  However,  this  method  appears  impractical 
to  get  statistically  significantly  data  over  large  grazingland  areas  at  many 
different  seasons  and  at  the  levels  of  utilization  imposed  on  rangelands, 
particularly  the  light  use  made  by  many  large  wild  herbivores. 

More  work  is  needed  to  develop  methods  of  double-samp! ing  to  combine  more 
than  one  technique  to  study  the  dietary  botanical  composition  of  grazing 
herbivores.  With  such  techniques,  one  combines  a costly  but  precise  and 
accurate  methodology  with  another  methodology  which  is  less  costly  and  less 
precise  and  accurate  but  can  be  more  widely  appl  ied.  By  knowing  the 
relationships  between  the  two  methodologies,  sampling  plans  can  be  designed 
that  are  both  statistically  and  cost  efficient. 

Analysis  of  samples  collected  by  esophageal  of  rumen  fistula  or  fecal 
material  often  requires  microscopic  determination  of  plant  species  or 
components  in  the  diets.  Also,  analysis  by  field  sampling  of  vegetation  or  by 
bite-count  determination  results  in  large  numbers  of  species  or  groups  in  the 
diets.  Statistical  studies  suggest  that  dietary  botanical  composition 
information,  according  to  most  corrmon  I y applied  current  methods,  are  probably 
valid  to  no  more  than  a 5%  level.  That  is,  plants  which  are  found  at  less 
than  5%  in  the  diet  probably  could  be  considered  only  as  traces.  Probably 
those  plants  occupying  5%  or  more  of  the  diet  can  be  considered  to  be 
biologically  and  realistically  significant  components.  Some  workers  suggest 
this  figure  may  even  be  a 10  to  20%.  In  any  event,  this  requires  aggregating 
or  grouping  minor  species  or  plants  into  larger  categories  for  analysis  and 
interpretation  to  readily  identify  and  recognize  the  value  of  grouping  plants 
into  growth-form  categories  such  as  grasses  and  grasslske  plants,  forbs,  and 
shrubs.  Recently  there  has  been  much  discussion  of  the  C3  and  C4  photosyn- 
thetic pathways  found  in  different  plant  species.  Plants  with  these  two 
pathways  are,  more  or  less,  similar  to  the  resource  manager's  conventional 
classification  of  cool-season  or  warm-season  growth  habits.  We  discuss  the 
various  pho to s yn t h e t i c pathways  of  plant  metabol  ism  and  their  ecological 
significance  and  relate  this  to  dietary  botanical  composition  of  large 
herbivores.  Furthermore,  we  compile  information  on  the  pho  to  sy  n t he  t i c 
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pathways  of  some  1585  p!ant  species  taken  from  21  scientific  literature 
sources.  This  classification  is  used  in  assigning  individual  plant  species  to 
functional  groups  based  on  growth  season  as  well  as  on  growth  form. 

We  summarize  herein  previously  unpublished  data  obtained  from  the  Bureau 
of  Land  Management  regarding  the  dietary  botanical  composition  of  large 
herbivores  grazing  on  public  lands.  Most  of  these  data  were  obtained  by 
personnel  in  the  Denver  Service  Center  during  the  interval  of  1977  through 
1979  so  they  may  be  incomplete  as  relative  to  the  present  total  data 
available.  However,  this  compilation  represents  a valuable  source  of 
information  and  is  presented  in  the  form  of  averages  of  species  composition  in 
the  diets  of  large  herbivores  as  determined  by  collection  and  analysis  of 
fecal  material.  The  data  are  uncorrected  for  possible  differentia! 
digestibility.  Data  are  identified  as  to  animal  species,  season  of  the  year, 
and  state  and  district. 

A major  contribution  of  this  paper  is  the  sunnmar i zat i on  of  information  on 
the  dietary  botanical  composition  of  large  herbivores  as  extracted  from  the 
scientific  literature.  These  data  are  compiled  from  137  scientific  references 
in  which  the  dietary  botanical  composition  was  reported  quantitatively  for  one 
or  more  grazing  herbivore  on  western  rangelands  for  one  or  more  seasons.  The 
large  herbivores  considered  are  cattle,  sheep,  bison,  bighorn  sheep,  pronghorn 
antelope,  mule  deer,  whitetailed  deer,  elk,  horses,  and  feral  burros.  In  this 
compilation  and  tabulation  in  addition  to  defining  the  animal  species  and  the 
location  of  the  study  we  provide  information  on  any  specific  season  or 
treatment  or  stocking  regime  which  was  identified  in  the  report.  We  also 
identify  the  method  by  which  the  dietary  botanical  composition  was  determined; 
these  include:  bite  count,  clipping  or  plucking,  esophageal  fistula  forage 
sample  analysis,  fecal  sample  analysis,  stomach  ana  I ys i s , ocu I ar  estimation  or 
observation,  and  weight  estimate  methods.  The  plant  names  are  identified 
according  to  Latin  name  as  well  as  the  standard  SCS  codes.  The  photosynthetic 
pathway  of  the  plant  is  identified  if  known. 

Some  49  sources  of  cattle  diet  botanical  composition,  producing  88 
entries  are  s umnma r I z e d . Individual  plant  species  often  make  up  almost  60%  of 
the  diet  of  cattle  in  a single  situation.  In  more  than  half  of  the  references 
cited,  shrubs  were  not  a major  component  of  the  diets  of  cattle.  In  those 
cases  where  shrubs  were  a component  of  the  diet  they  averaged  about  25%. 
Overall,  forbs  averaged  about  25%  of  the  diet. 

Some  28  references  were  found  which  were  recorded  as  60  entries  in  the 
table  for  dietary  botanical  composition  for  sheep.  In  these  examples,  shrubs 
averaged  about  33%  of  the  diet  of  sheep.  In  about  half  of  the  situations 
encountered,  there  was  at  least  some  forb  use  and  in  these  cases  the  average 

was  about  33%  of  the  diet. 

Analysis  of  the  data  available  showed  that:  Bison  were  primarily  grass 
eaters;  over  all  grazing  situations  pronghorn  antelope  had  a high  proportion 
of  forbs  in  their  diets  and  also  a considerable  amount  of  shrubs;  horses  had  a 
surprisingly  high  shrub  component  in  their  diets  in  certain  situations  but 
generally  could  be  considered  to  be  grass  eaters;  burro  diets  were  highly 
site-specific  and  generally  included  a targe  number  of  individual  plant 
species  or  groups  in  the  diets;  bighorn  sheep  diets  are  largely  grass  through 
forbs  can  be  a major  component  in  some  seasons;  deer  take  a wide  variety  of 
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plants  in  their  diet  with  forbs  or  shrubs  being  important  at  various  times; 
and  e!k  show  high  shrub  concentrations  in  the  diet  in  the  winter  but  heavy  use 
of  grasses  in  spring  and  surrmer. 


CHAPTER  E 

A CRITICAL  REVIEW  OF  PREFERENCE  AND 
ITS  CALCULATION 


ABSTRACT 


Animal  preference  for  particular  forage  plants  or  forage  classes  is  one 
of  two  of  the  measures  needed  to  establish  herbivore  foraging  requirements  in 
optimization  models  for  forage  allocation.  Preference  is  discussed  in  terms 
of  consumer  food  requirements;  preingestion  and  po st i ngest i on  characteristics 
of  the  forage.  These  characteristics  include  moisture,  mineral,  protein  and 
carbohydrate  content,  shape  and  texture.  Many  of  these  characteristics  may  be 
related  to  the  photosynthetic  pathway  of  the  forage  plant.  Methods  of 
preference  determination  which  are  essentially  subjective  in  nature  are 
examined  as  are  methods  which  involve  some  data  manipulation  to  arrive  at  a 
preference  measure.  Formulae  for  several  preference  indices  are  presented  and 
discussed.  A calculation  of  preference  using  six  numerical  indices  on  a conrmon 
data  set  is  presented.  An  index  for  the  determination  of  preference,  one 
which  has  a range  from  zero  to  one  (a  proportion),  is  recommended  for  use  in 
optimization  mod  els. 
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1.0  INTRODUCTION 


Differential  dietary  preferences  for  forage  species  by  large  herbivores 
is  a basic  problem  and  opportunity  for  the  range  resource  manager.  The  degree 
of  competition  is  determined  by  the  amount  of  consumption  of  each  class  of 
herbivore  and  the  herbivore's  preference  for  forage  plants  (Smith  1953). 
These  two  variables,  consumption  and  preference,  determine  herbivore  forage 
requirements  and  are  an  integral  part  of  any  for  scheme  to  allocate  available 
forage. 

One  of  the  tenets  underlying  the  use  of  optimization  models  for  forage 
allocation  is  that  mixes  of  herbiores  more  efficiently  (optimally)  utilize  the 
range  resource  than  does  just  one  herbivore.  Thereby,  increasing  the  overall 
number  of  herbivores  present  on  the  rangeland  can  maximize  the  use  of  forage 
species.  The  subject  of  consumption  or  forage  intake  rates  has  been  dealt 
with  elsewhere  (Chapter  C) . The  other  variable,  preference,  is  the  topic  of 
this  chapter. 

Reference  is  made  to  the  Chapter  A.  In  that  chapter  we  present  twelve 
optimization  models  which  determine  combinations  of  large  herbivores  that 
optimally  utilize  graz i ng I ands . Models  numbers  1 through  6 take  the  form: 

Q N F 

M IN [£ (E  {H  . Uik(Sik  + Gik)(1  - Lik)  - tkEXjk  . Cjk  . D, , k)Exponent  _ }]  (1  , 

i k j 

where  1 through  Q is  the  range  of  plant  groups  i,  1 through  F is  the  range  of 
herbivore  species  j,  and  1 through  N is  the  number  of  seasons  k.  The  exponent 
is  either  1 or  2 depending  on  the  desired  degree  of  responsiveness  to  variable 
initial  values  one  wants.  The  capability  to  weight  the  formulation  is  accom- 
plished by  Wjjj.  The  available  forage  is  expressed  in  terms  of  S the  standing 
crop  at  the  beginning  of  the  season,  G the  gain  in  standing  crop  over  the 
season,  the  allowable  use  U of  plant  species  j,  the  size  of  the  area  under 
consideration  H which  is  a constant  and  the  complement  of  the  loss  (L)  due  to 
shattering,  trampling,  and  decay.  The  forage  requirement  is  expressed  as  the 
number  of  days  in  the  k1*1  season  t multiplied  by  the  consumption  or  forage 
intake  rate  C for  the  j ^ species  in  the  k**1  season.  The  decision  variable  X 
is  the  number  of  herbivores  of  each  species  allowed  to  graze  the  range.  The 
variable  D is  the  diet  preference.  As  will  be  noted,  D is  the  only  variable 
in  (1)  with  subscripts  for  plant  species,  animal  species  and  season. 

Incorporating  a preference  measure  into  equation  (1)  requires  three 
a s sumpt ions: 

(i)  The  preference  of  herbivore  j for  plant  species  i is  not 
dependent  on  the  number  or  kind  of  other  herbivores  on  the 
range.  That  is,  bighorn  sheep  preferences,  for  example,  do 
not  change  when  cattle  and  sheep  are  also  resident  or  when  the 
latter  are  ab  sen  t . 


(ii)  Preferences  do  not  alter  in  season  k as  herbage  availability 
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changes.  If  a relatively  gross  approximation  of  optimal 
herbivore  composition  on  the  rangeland  is  required,  this 
assumption  obviates  the  need  for  consideration  of  herbage 
maturation  and  phenological  stage.  Obversely,  if  precise 
results  from  the  model  are  required,  this  assumption  can  be 
negated  by  increasing  the  number  of  grazing  periods,  k. 


(iii)  Forage  intake  rates  for  each  herbivore  remain  constant  within 
season  k.  Again,  should  precise  herbivore  numbers  be  desired 
and  should  the  manager  wish  to  include  varying  forage  intake 
rates,  k may  be  increased  to  include  different  consumption 
rates.  This  latter  however  requires  somewhat  more  information 
than  is  generally  available  as  regards  forage  intake  rates  for 
large  free-grazing  herbivores  (c.f.  Chapter  C) . 


With  those  assumptions  understood,  some  working  definition  of  preference 
i s needed . 


2.0  DEFINITIONS  OF  PREFERENCE 


Considered  conceptually,  diet  selection  (e.g.,  preference)  is  related  to 
variables  that  Ellis  et  al.  (1976)  call  secondary  control  variables.  These 
include  the  body  size  and  metabolic  body  weight.  These  two  variables  dictate 
the  energy  requirements  of  the  animal  and  can  be  modified  by  physiological 
state  (resting,  running,  etc.)  and  reproductive  state  (pregnant,  lactating, 
etc.).  Ellis  et  al.  (1976)  likewise  consider  that  ambient  temperature 
modifies  energy  requirements.  They  also  contend  that  there  is  a minimal  or 
threshold  amount  of  energy  required  for  a consumer  to  maintain  or  increase  its 
energy  or  nutrient  balance  called  the  consumer  food  requirement  or  CFR.  This 
latter  is  dependent  on  the  food  quality  (FQ)  available,  meaning  the  CFR  will 
be  met  earlier  in  the  grazing  period  if  the  food  available  is  high  in  content 
of  the  requisite  diet  currency  than  if  not.  (Currency  is  used  here  to  label 
the  quantity  of  some  requirement  for  which  the  herbivore  forages.  Usually 
this  currency  is  energy  stored  in  plant  tissues  (Emlen  1966,  Pyke  et  al . 1977, 
Schoener  1971),  but  may  also  be  minerals,  nutrients  and  plant  proteins,  and 
during  the  dry  season  or  in  arid  areas,  water.)  So,  CFR  is  a function  of 
ambient  temperature  (T),  metabolic  rate  (MR),  body  size  (W)  , physiological 
state  (PS)  and  reproductive  state  ( RS  ) as  well  as  the  quality  of  available 
food.  For  herbivore  j feeding  on  plant  species  (or  plant  group)  i: 


Given  relationship  (2),  then  preference  (D)  must  be  tailored  to  satisfy  the 
CFR.  Visual  cues,  such  as  size  and  shape,  color  and  presence  or  absence  of 
thorns  and  inflorescences,  etc.  also  contribute  to  forage  selection.  The 
relative  abundance  of  a food  vis-a-vie  other  foods  (or  novelty  as  Ellis  et  al. 
(1976)  regard  it)  is  a factor  in  selection.  Thus,  D of  herbivore  j for  plant 
(group)  i is  a function  of  forage  size  ( FS ) , forage  novelty  (FN),  temperature 
(and  perhaps  humidity  (H)  which  affects  plant  tissue  turgor  and  hence  taste, 
appearance  and  so  forth).  Or: 


The  above  mentioned  forage  properties  (size  and  shape,  novelty  and 
quality)  cause  either  ingestion  or  rejection  by  the  herbivore;  they  are 
detectable  prior  to  ingestion.  Other  properties  are  detectable  after 
digestion,  and  if  unfavorable,  preclude  further  ingestion  of  that  forage  item. 
These  two  properties  are  called  sensory  and  nutritional  properties 
respectively  (Westoby  1974).  The  nutritional  property  which  concerns  plant 
constituents  needs  further  discussion. 

There  are  essentially  three  mutually  exclusive  responses  a herbivore  may 
have  to  characteristics  of  a forage  plant  once  it  is  ingested:  (i)  a positive 
response,  meaning  the  animal  considers  the  plant  palatible,  (ii)  a negative 
response,  meaning  the  animal  avoids  the  plant  and  (ili)  a neutral  response 
which  implies  the  animal  neither  seeks  out  nor  avoids  a forage  plant.  The 
literature  gives  a nimber  of  examples  of  specific  plant  substances  that  can 
cause  the  above  responses. 

The  following  (partially  from  Marten  (1969)  and  Westoby  (1974))  have 
found  that  sugars  and  soluble  carbohydrates  el  icit  a neutral  response  from 
large  herbivores:  Warmke  et  al.  (1952),  Hardison  et  al . (1954),  Reid  and  Jung 


CFR j = f(MRj,  Wj,  T,  PSj , RS|,  FQj ) 


(2) 


D j j = f (FS  j , FQj  , FN | , RSj  , PS j , I,  H) 


(3) 
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(1  965),  Reid  et  al.  (1  966),  O'Donovan  et  al  . (1  967  ),  Buckner  et  al.  ( 1 969), 
Rabas  et  a!.  (1969),  Marten  and  Donker  (1964).  The  following  workers, 

however,  found  positive  responses  to  the  same  substances:  Cowlishaw  and  Alder 

(1960),  Gangstad  (1964),  Bland  and  Dent  (1962,  1964),  Dent  and  Aldrich  (1963), 
Heady  (1  964),  Reid  et  al  . (1  967). 

A neutral  response  to  protein  content  was  found  by  Archibald  et  al. 
(1  943),  Reid  and  Jung  (1  965),  Reid  et  al  . (1  966),  Reid  et  al.  (1  967  ),  Buckner 
et  al.  (1969)  and  O'Donovan  (1967),  while  protein  content  caused  a positive 
response  in  work  done  by  Hardison  et  al,  (1  954),  Cook  ( 1 959  ),  Blaser  et  al. 
(1960),  Burton  et  al.  (1964),  Gangstad  (1964),  Heady  (1964)  and  Fontenot  and 
Blaser  (1965). 

Leigh  (1961),  Reid  et  a!  . (1  966),  Reid  et  ai.  (1  967),  Archibald  et  al. 
(1943),  Buckner  (1955)  and  Hardison  et  al.  (1954)  found  a neutral  response  to 
crude  fiber,  acid  detergent  fiber  or  cell  wall  structure.  Blaser  et  al. 
(1960),  Gangstad  (1964),  Arnold  (1964),  Heady  (1964)  and  Fontenot  and  Blaser 
(1965)  establish  that  those  substances  produce  a negative  response  in  large 
herb  ivores. 

Marten  and  Donker  (1964)  and  Reid  and  Jung  (1  965  ) contend  that  mineral 
content  produces  a neutral  response  while  Beaimont  et  al.  (1933),  Hardison  et 
al.  (1954),  Ivins  (1955),  Cook  (1959),  Gangstad  (1964)  and  Cowlishaw  and  Alder 
(1964)  say  that  mineral  content  produces  a positive  response. 

Other  substances  affect  the  animals'  response  to  ingestion.  Cook  (1959) 
found  that  sheep  respond  negatively  to  cellulose  concentration.  Hardison  et 
al.  (1  954)  and  Reid  and  Jung  (1  965)  found  no  particular  response  to  various 
vitamin  content  of  foods.  Buckner  (1955)  found  a neutral  response  and 
Archibald  et  al  . (1  943)  found  a positive  response  to  carotene  concentrations 
in  p I an  ts  . 

An  hypothesis  presented  by  Caswell  et  al.  (1973)  (who  consider  primarily 
only  insects)  is  that  herbivores  evolved  in  temperate  climates  tend  to  avoid 
plants  with  the  C^d  icarboxy  I ic  acid  pathway  of  carbon  fixation.  Presumably 
this  avoidance  is  due  to  location  and  starch-storing  functions  of  chloroplasts 
in  C^  species  and  to  phloem  and  bundle  sheath  concentration  and  location. 
Evans  and  Tisdale  (1  972)  document  the  preference  of  cattle,  sheep  and  mule 
deer  for  the  Cg  species  Agr opyron  sp i catum  over  the  C^  species  Ar i s t i da 
I ong  i seta.  Though  they  did  not  specifically  study  carbon  fixation  pathways, 
their  evidence  supports  the  hypothesis  of  Caswell  et  al . (1973). 

From  the  above,  it  is  obvious  that  preference  is  not  a simple  considera- 
tion. Preference  or  selectivity  or  electivity  (Ivlev  (1961),  Jacobs  (1  974)) 
is,  as  a consequence,  difficult  to  accurately  define.  Stoddard  et  al.  (1975) 
define  preference  as  the  selection  of  plants  by  animals.  They  contend  that 
the  term  is  often  used  incorrectly  when  "pa  I atab  i I i ty"  is  meant.  Pa  I atab  i I i ty, 
they  say,  refers  to  the  attractiveness  of  a forage,  not  its  actual  selection. 
This  attractiveness  is  related  to  pr e- i nge s t ion  cues,  as  mentioned  above,  such 
as  taste,  odor,  texture  of  the  plant  and  other  visual  stimuli  (Westoby  1974). 
These  two  definitions  and  this  distinction  will  be  used  in  the  remainder  of 
this  report.  The  contrast  between  preference  and  palatability  is  further 
discussed  by  Heady  (1964)  and  Van  Dyne  et  al . (1980). 


3.0  PREFERENCE  INDICES 


A survey  of  the  literature  on  forage  preference  by  large  herbivores 
yields  the  conclusion  that  many  studies  of  forage  intake  rate  or  botanical 
composition  of  the  diet  try  to  account  for  and  often  measure  forage  prefer- 
ence. Measurements  of  forage  preference  are  varied  and  are  discussed  in 
Section  4.0  of  this  chapter.  There  are,  however,  several  numerical  methods 
available  for  determining  preference  using  an  index.  Such  indices  are 
deta i 1 ed  next . 

3 . 1 Description  of  Indices 

The  work  by  Krueger  (1970,  1972)  uses  four  Relative  Preference  Indices  or 
RP I 1 s . Though  these  were  not  originally  developed  by  Krueger,  his  notation  is 
used  here.  The  variables  in  his  formulations  are  percent  weight  of  a forage 
plant  in  the  diet  D (not  the  same  variable  as  in  equations  (1)  and  (3)), 
percent  frequency  in  the  diet  fd,  percent  weight  of  the  forage  plant  in  the 
overall  range  composition  R,  and  the  percent  frequency  of  that  plant  on  the 
range  fr.  The  first  index,  RP I ^ is  the  percent  frequency  of  a plant  species 
or  forage  class  multiplied  by  the  percent  diet  composition  divided  by  the 
percent  frequency  of  a forage  class  or  plant  species  on  the  range  mu  1 t i p 1 ied 
by  the  percent  range  composition.  The  expression  is: 

RPI-I  = (fd  • D ) / ( f r • R).  (4) 

The  second  relative  preference  index  is  simply  the  percent  diet  composition 
divided  by  the  percent  range  composition  or: 

RP 1 2 = D/R.  (5) 

The  third  of  Krueger's  relative  preference  indices  has  the  same  numerator  as 
(4),  but  that  number  is  divided  by  the  percent  range  composition  R multipled 
by  100.  The  expression  is: 


RP 1 3 = (fd  • D) / (R  • 100)  . (6) 

The  fourth  RP1  has  the  same  denominator  as  (4),  but  the  numerator  is  the  per- 
cent diet  composition  multiplied  by  100  or: 

RPI4  = (D  • 1 00 ) / ( fr  • R)  . (7) 

By  inspection,  it  can  be  seen  that  the  range  of  RP I 's  1 through  4 is  zero 
to  plus  infinity.  It  may  also  be  seen  that  these  indices  are  dependent  on  the 
size  or  number  of  the  sample  plots  used  to  determine  fr  and  R.  Should  a range 
survey  be  undertaken  which  misses  a specific  forage  item  while  that  item 
appears  in  the  diet,  these  measures  of  preference  lose  their  meaning.  To 
overcome  this  shortcoming,  the  sample  plot(s)  must  be  increased  in  size.  It 
is  possible  that  a circimstance  could  be  encountered  where  the  entire  range 
must  be  sampled  in  order  to  account  for  all  of  the  forage  items  found  in  the 
diet. 


In  his  analysis  of  relative  preference  values  1 through  4,  Krueger  (1972) 
rejected  RP 1 3 and  RP 1 4 because  they  do  not  allow  equal  values  for  forage 
plants  when  selection  by  animals  is  completely  random.  As  may  be  seen,  RP  I -j 
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in  equation  (4)  is  the  same  for  all  species  of  forage  when  herbivores  graze 
randomly.  Equation  (4)  may  be  rewritten  as: 

fd  • D = RPI-j  • fr  • R.  (8) 

If,  as  Loehle  and  Rittenhouse  (1  980)  point  out,  RPI-j  is  known  from  previous 
studies  and  fr  and  R are  obtained  from  range  sampling,  (8)  yields  a solution 
with  two  unknowns.  Should  one  wish  to  predict  preference  and  concomitantly 
diet  composition,  RP I ^ would  not  be  sufficient. 

The  bounds  of  preference  indices  presented  by  Krueger  (1972)  present 
other  problems.  The  value  of  infinity  can  be  obtained  when  a rare  plant 
species  appears  in  the  diet  but  is  missed  in  the  vegetation  survey.  Deriving 
a mean  preference  value  for  a plant  species  that  has  an  infinite  value  in  the 
data  set  is  consequently  impossible.  Even  very  large  preference  values 
relative  to  other  values  bias  a mean  preference  value  calculation.  Conclu- 
sions drawn  from  such  calculations  cannot  be  justified  (Loehle  and  Rittenhouse 
1 980)  . 

A probability  index  to  measure  preference  has  been  proposed  by  Nelson  and 
Burnell  (1978).  It  is  the  probability  that  a herbivore  will  eat  a plant  when 
it  is  discovered.  If  Uj  is  the  allowable  use  of  herbage  plant  i,  Fj  is  the 
diet  composition  or  forage,  and  Hj  is  the  percent  range  or  herbage  composi- 
tion of  plant  species  i,  then  the  expression  is: 

Probability  Index  = Fj/ y H j ^ + (H  j - U j ) ^.  (9) 

This  formulation  yields  values  between  zero  and  positive  infinity. 

An  optimization  technique  for  forage  preference  prediction  was  proposed 
by  Janisz  and  Van  Dyne  (1979).  It  took  the  form: 
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where  FjS  is  equal  to  the  forage  composition  of  plant  i in  sample  s,  HjS  is 
the  herbage  composition  with  the  same  subscripts  and  Pj  is  the  diet  prefer- 
ence. This  procedure  uses  a I east- squar es  method  to  approximate  preference 
values  over  a number  of  samples  in  order  to  reduce  the  difference  between 
actual  and  predicted  animal  consumption.  The  range  is  0 to  +1. 

That  same  progress  report  gives  a formulation  for  the  empirical  multi- 
plier method  where  preference  is  calculated  as: 

F = kH  • Dj  = M(kjNjs)/(Ts))  • Pj  = Dj/ZDj.  (11) 

The  variables  in  this  formulation  are:  F,  the  matrix  of  forage  plants  i in 

sample  s;  k,  a vector  o f mu  I t i p I ie  r s for  plant  i;  H,  the  matrix  of  herbage 
composition  for  plant  i in  sample  s;  Dj,  a relative  diet  index;  Ts , the  total 
number  of  samples;  Nj , the  forage  composition  of  an  area  different  from  that 
previously  sampled;  Pj,  the  diet  preference.  This  expression  yields  values 
between  0 and  +1 . 
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Janisz  and  Van  Dyne  (1  979)  conclude  that  expressions  (10)  and  (11)  are 
time  consuming  and  interpretation  of  results  derived  from  them  is  complex. 
Their  use  is  dependent  on  the  benefit  to  be  had  by  using  the  more  precise 
results  they  yield.  It  may  be  that  simpler  formulations  give  the  same  resuits 
but  with  the  expenditure  of  less  time  and  effort. 

The  ratio  of  forage  or  food  availability  divided  into  the  composition  of 
the  diet,  for  a specific  food  or  forage  item,  was  used  early  by  Van  Dyne  and 
Heady  (1965)  in  their  study  of  sheep  and  cattle  diets  in  California. 
Edmondson  and  Winberg  (1971)  also  use  a simple  ratio  of  forage  to  herbage. 
Though  they  consider  predator/prey  relationships,  their  measure  is  equivalent 
to  Krueger's  RP I number  2 (equation  (5)).  Ivlev  (1961)  formulated  an 
" e I ec t i v i t y"  index  which  is  equivalent  to  the  arithmetic  ratio  described  in 
Section  3.2  of  this  chapter.  Again,  Ivlev  was  concerned  with  predator/prey 
interactions  but  his  index  is  appropriate  for  studies  of  herbivory. 

Jacobs  (1974)  considers  both  the  simple  ratio  and  the  electivity  index 
unsatisfactory  because  they  do  not  allow  the  study  of  the  correlation  between 
relative  abundance  of  food  (forage)  and  food  (forage)  selection.  He  proposes 
instead  that  the  log  of  the  rate  of  food  decrement  due  to  feeding  gives  a 
better  estimate  of  preference  and  is  not  responsive  to  changes  in  the  composi- 
tion of  the  food.  Kautz  and  Van  Dyne  (1978)  use  the  log  of  the  simple  ratio 
of  forage  to  herbage  in  their  calculation  of  preference. 

Cock  (1978)  has  criticized  Ivlev's  index  saying  that  it  is  too  dependent 
on  prey  (forage)  densities  and  that,  as  a consequence,  different  situations 
are  not  compar  able. 

This  review  largely  ignores  the  body  of  literature  which  describes 
foraging  efficiency,  behavior  and  model  ing.  Some  selected  works  are  cited 
here,  should  such  topics  be  of  interest:  Pyke  et  al.  ( 1 977  ),  Jones  (1971), 

Emlen  (1966),  Schoener  (1971),  Timin  (1973),  MacArthur  and  Pianka  (1966), 
Silen  and  Dimock  (1978)  and  Caraco  (1980). 

The  calulation  of  preference  values  using  a common  data  set  and  six 
selected  formulations  is  discussed  next. 

3.2  Calculation  on  a Common  Data  Set 


Because  of  the  drawbacks  of  using  index  calculations  mentioned  in  the 
preceding  section,  we  compare  six  preference  measures  based  on  a common  data 
set.  The  data  is  from  a northeastern  Colorado  shortgrass  prairie  rangeland  and 
is  reported  in  Van  Dyne  (1  978).  We  have  used  the  I ight  grazing  regime,  the 
data  for  which  is  shown  in  Table  El.  It  will  be  noted  that  the  data  is  for 
different  herbivores:  cattle,  bison,  sheep,  and  pronghorn  antelope,  and  is 
presented  according  to  forage  class,  i.e.  grass,  forbs  and  shrubs.  Cattle,  in 
this  study,  consume  primarily  grass  (93%),  some  forbs  (8%)  and  almost  no 
shrubs  (<1%).  Bison  consume  70%  grass,  almost  30%  forbs  and  very  1 ittle  of 
shrubs  (1%).  Sheep  on  the  Pawnee  site  in  eastern  Colorado  consumed  41%  grass, 
3%  shrubs  and  had  the  major  portion  of  their  diet  derived  from  forbs  (52%). 
Approximately  4%  of  the  sheep's  diet  was  other  plants.  Pronghorn  antelope  ate 
less  than  1%  shrubs,  some  grass  (13%)  and  consumed  87%  in  the  forb  category. 
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Table  El. 

Herbage  and  diet 
herb i vor es  used 
Dyne  1978) 

botanical  composition 
for  calculating  forage 

by  percent  dry 
preferences. 

weight  of  four 
(Da  ta  from  Van 

1 t em 

Animal 

Species 

Grasses 

For  bs 

Shrubs 

Herbage 

75 

10 

15 

Diets 

Cattle 

93 

8 

<1 

Bison 

70 

29 

1 

Sheep 

41 

52 

3 

P r o ngho r n 
Ante  lope 

13 

87 

<1 
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The  six  preference  indices  used  in  the  common  calculation  are  as  follows* 
The  first  index  is  called  here  the  "Simple  Ratio",  and  is  the  amount  of  a 
forage  (F)  of  a particular  class  (or  species)  i in  the  diet  divided  by  the 
amount  of  herbage  (H)  of  a particular  class  (or  species)  i found  on  the  range* 
It  is  similar  to  the  index  developed  by  Van  Dyne  and  Heady  (1965)  and 
analogous  to  the  measure  of  Edmondson  and  Winberg  (1971).  Thus,  the  Simple 
Ratio  (SR)  for  a forage  class  i is: 


R1  = SRjj  = (Fj  + 0. 01  ) / (H  j + 0.01).  (12) 

(The  addition  of  the  term  0.01  insures  that  no  division  by  zero  will  occur 
should  the  be  zero  because  the  range  survey  failed  to  find  any  of  a par- 

ticular rare  class  of  plant  or  plant  species  on  the  range.) 


The  second  method  of  preference  calculation  (R2)  is  simply  the  natural 
logarithm  of  SR  § or: 


= I n ( SRj ) . 


(13) 


The  third  preference  calculation  (Rg)  normalizes  the  Simple  Ratio  so  that 
when  summed  over  i (all  forage  classes  or  forage  species)  the  result  is  unity. 
Mathematically  the  expression  is: 


R 


3 


SRi  . 

£ SR g 


(14) 


The  fourth  preference  calculation  method  (R4)  normalizes  the  log  of  the 
Simple  Ratio,  again  so  the  sum  of  all  the  ratios  is  one.  This  is  expressed 
a s : 


r = 8 n ^ SRi ) . (15) 

Z I n(SRj ) 
i 

A fifth  method  of  preference  calculation  (Rg)  utilizes  the  so-called 
arithmetic  ratio  of  herbage  to  forage.  This  is  also  Sv!ev8s  electivity  index. 
It  requires  subtracting  the  herbage  on  the  range  from  the  forage  in  the  diet 
for  each  forage  class  and  dividing  the  difference  by  the  sum  of  the  forage  in 
the  diet  and  the  herbage  on  the  range  for  each  forage  class.  The  expression 
i s : 


- H; 


+ H: 


(16) 


As  may  be  seen,  the  arithmetic  ratio,  Rg , yields  values  in  the  range  of  -1  to 
1 inclusive.  Using  (16),  a value  for  Rg  of  one  is  interpreted  as  100%  selec- 
tion for  a plant  or  plant  group;  a value  of  zero,  selection  neither  for  or 
against  a plant  or  plant  group;  a value  of  minus  one,  100%  rejection  of  a 
plant  or  a plant  group. 
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The  sixth  method  of  forage  preference  calculation  might  be  to  normalize 
the  values  of  R$ . Recall  however  that  equation  (1)  requires  preference  D in 
the  k**1  season  by  herbivore  j for  plant  group  i to  be  a proportion  or  percent- 
age within  the  range  zero  to  one.  In  order  to  put  the  values  of  R^  into  the 
requisite  range,  one  is  added  to  each  R5 j value  and  the  resultant  value 
normalized.  The  sum,  then,  of  all  the  preference  values  for  one  herbivore 
species  is  unity.  The  expression  is: 


R5  j + 1 


E (R5 j ) + n 


(17) 


The  results  of  these  six  calculations  using  the  data  in  Table  1 are 
presented  in  Table  E2. 

The  results  of  the  calculations  shown  in  Table  E2  essentially  show  the 
trends  of  Table  El.  That  is,  cattle  have  the  highest  preference  of  all  the 
herbivores  for  grasses  under  the  colimn  for  the  simple  ratio,  the  log  of  the 
simple  ratio,  the  normalized  ratio  and  the  log  of  the  normalized  ratio.  Bison 
show  the  second  highest  preference  for  grasses  under  those  four  preference 
measures,  with  sheep  and  pronghorn  antelope  following,  in  that  order. 
Pronghorn  antelope  show  the  highest  preference  in  the  first  four  columns  for 
forbs,  as  would  be  expected  from  the  raw  data,  followed  by  sheep,  bison  and 
cattle  for  that  forage  class. 

The  calculation  of  preference  using  the  arithmetic  ratio  yields  what  may 
appear  to  be  puzzeling  results.  Cattle,  for  example,  chose  a diet  composed  of 
93%  grasses,  yet  the  arithmetic  ratio  produces  a cattle  preference  for  grasses 
of  0.11.  That  value  seems  rather  low  in  view  of  the  raw  data.  The  matter  is 
explained  however  when  one  considers  that  the  arithmetic  ratio  calculates 
preference  simultaneously  for  all  forage  and  herbage  classes.  A preference 
value  calculated  by  this  method  then  must  be  evaluated  in  relation  to  al I 
other  preference  values  for  a particular  herbivore  species.  Viewed  in  this 
context,  the  seemingly  low  cattle  preference  for  grasses  is  indeed  rather 
large  when  compared  to  cattle  preference  for  shrubs  calculated  by  equation 
(16). 


The  values  shown  under  the  normalized  arithmetic  ratio  heading,  scaled 
between  zero  and  one,  show  the  same  tendencies  as  do  those  values  in  the 
previous  column.  Remember  these  values  are  reduced  by  half,  so  the  differ- 
ences between  any  two  values  for  a particular  herbivore  are  in  fact  double 
what  is  shown. 

The  need  for  incorporation  of  a preference  value  scaled  as  is  Rg  into  the 
optimization  formulation  of  (1)  is  evident.  This  exercise  of  calculation  of 
preference  values  on  a corrmon  data  set  shows  there  are  a number  of  formula- 
tions available  should  a measure  of  preference  be  required  in  natural  resource 
management.  As  is  shown  in  the  next  section,  those  measures  discussed  above 
are  not  the  only  such  measures  available.  One  problem  with  this  plethora  of 
preference  measures  is  deciding  which  one  to  use,  and  designing  the  experiment 
or  study  so  that  the  proper  data  are  gathered.  It  is  necessary,  too,  to  in- 
sure that  the  index  used  answers  the  questions  posed  in  the  design  of  the 


Table  E2.  Comparison  of  preference  values  using  six  methods  of  calculation. 


152 


Q < 
LU  CC 
Al 


— 

0 

CM  CM 

vD 

a»cq 

lh 

vO 

CM 

CM 

CO 

0— 

VO 

_l 

— 

la -3- 

O 

CA  LTV 

0 

CM 

vD 

' — 

T~ 

CO 

0 

< 

1 — 

® • 

• 

0 a 

• 

• 

• 

® 

O 

0 

2: 

LU 

O O 

C 

O O 

0 

O 

O 

O 

O 

O 

0 

cc 

21 

V 

V 

O JZ 


cc 

< 


C_) 


LU 


o 


-r  1~“ 

K < 
_ cc 

cc 

< 


T— 

CO 

-3- 

ca  00 

ca  00 

a^ 

0— 

CTi  OO 

co 

0 

-3-  OO 

CM  vO 

vO 

p'- 

r^.  co 

e 

9 

e 

e e 

« • 

0 

• 

© • 

O 

O 

O 

1 

O O 

0 0 

s 

0 

0 

0 0 

1 

1 

V 

1 

9 

6 

1 

9 

V 

< 

cc 


Ll. 

O 

O 

ca 

a* 

_ 

ca 

O 

T . 

, 

-3- 

, 

ca 

LA 

LU 

LA 

C A 

LA 

~T 

CO 

cr\ 

-3“ 

0— - 

LA 

ca 

0 

CO 

O 

CM 

• 

0 

e 

* 

» 

© 

. 

0 

. 

• 

© 

© 

O 

— 

O 

0 

ca 

? — 

0 

00 

CM 

O 

ca 

ca 

0 

-3“ 

™J 

I 

8 

8 

i 

1 

1 

0 

1 

I 

1 

1 

1 

1 

2T  < 

£ cc 

o 

2; 


cnco  ca 
la  ro  o 


000 

v 


CM 


-a-  cm 
a-  o 


000 


on  r*.  on 
o co  o 

9 ® « 

000 


cm  r-'»  ’ — 
o ca  c 

& 9 9 

OOO 

V 


I — 
Ll.  < 
O CC 

O LU 

O _) 

__i  o_ 


W) 


CM  CM  VO 
CM  CM  vO 

0 9 9 

O O CM 

I 9 

V 


< 

a: 

LU 

_j 

D_ 

2; 

LO 


A-.  vO  v£> 
O O \D 


O >— 

I 


CM 


O CTi 
cO  M3  vO 
• • 0 
O < — 

9 I 


a^-vo  vo 

P'-  T—  vO 

9 9 0 

CM  CM 

I V 


O 

r-» 

ca 

0 

a- 

LA 

O 

O 

A*-  O 

A~ 

OO 

0 

ca 

ca 

0 

LA 

CM 

CM 

0—  f^. 

O 

9 

» 

« 

® 

• 

© 

© 

9 

© O 

• 

O 

0 

V 

0 

CM 

0 

O 

LA 

O 

O OO 

O 

V 

LU 

LT> 

on 

un 

in 

tn 

O 

d) 

01 

a) 

in 

0) 

03 

<D 

O) 

< 

lh 

IT) 

to 

X> 

w 

03 

-Q 

in 

03 

X) 

t n 

03 

X3 

CC 

1 

CD 

XI 

13 

m 

X3 

D 

in 

-Q 

O 

in 

X) 

3 

O 

—J 

03 

i_ 

L. 

03 

L. 

L. 

ro 

L. 

1_ 

03 

l_ 

L 

Ll_ 

O 

1- 

0 

-C 

L. 

O 

_C 

i_ 

O 

x: 

i— 

O 

-C 

O 

Lu 

C/3 

O 

Ll. 

OO 

O 

Lu 

CO 

O 

Li- 

C/3 

< 

21 

a> 

C 

a. 

C 0) 
1-  CL 
O O 
x:  — 
cji  a) 

•W 

O 

0) 

C -M 

< 

■M 

in 

(U 

O c 

CI3 

x: 

1-  < 

O 

CQ 

CO 

O- 

153 


study.  If  for  example,  the  simple  ratio  is  used,  inferences  about  the  rela- 
tionship between  preferences  for  one  forage  plant  as  opposed  to  another  may 
not  be  answered  should  the  experimenter  require  the  simultaneous  relation- 
ship. 


The  next  section  considers  other  means  of  calculating  preference  as  found 
in  the  scientific  literature. 


4.0  LITERATURE  SUMMARY  OF  PREFERENCE 


Determination  of  forage  preference  by  large  herbivores  need  not  involve 
the  use  of  mathematica!  formulae  nor  extensive  manipulation  of  the  data. 
Examples  of  such  preference  determinations  are. detailed  in  this  section. 

4.1  Genera!  Considerations  of  Preference 


Examples  from  the  literature  in  which  preference  is  measured  largely  on  a 
subjective  basis  follow.  These  measures  of  preference  have  their  value  in 
resource  management  although  they  are  perhaps  the  least  elegant  of  the  methods 
considered  herein.  The  one  feature  which  recommends  their  use  is  the  ease 
with  which  they  may  be  determined. 

Nineteen  precis  of  papers  where  preference  is  determined  are  grouped 
according  to  several  categories  and  are  shown  below.  There  are  six  broad 
categories  which  are: 

(i)  % time  grazing  --  Smith  and  Hubbard  (1954)  offered  browse 
species  to  tame  deer  in  feeding  trials.  They  ranked  the 
forage  species  according  to  time  spent  by  the  deer  browsing 
and  according  to  the  weight  of  forage  consumed.  The  ranking 
was  labeled  preference.  Stormer  and  Bauer  (1980)  considered 
the  time  spent  by  tame  deer  in  various  forest  stands  of 
differing  plant  species  composition  a measure  of  habitat 
preference.  Healy  (1971)  established  high,  medium  and  low 
preference  ratings  for  tame  deer  fed  clipped  forage.  The 
ratings  were  determined  by  comparing  the  percent  of  time  a 
deer  spent  eating  a plant  species  with  the  percent  of  its 
weight  in  the  samp ! e . 

(ii)  % grazed  pi  ants  --Crouch  (1  96  6),  working  with  black-tailed 
deer,  simply  counted  leaves  and  twigs  browsed  in  sample  plots 
to  get  a cumulative  percent  browsed  of  the  available  forage 
plants.  This  was  termed  preference.  The  study  by  Hurd  and 
Pond  (1958)  measured  utilization  of  forage  species  as  percent 
weight  removed  in  sample  plots.  Preference  ratings  were 
derived  from  these  utilization  estimates.  Herbel  and  Nelson 
(1966)  tested  for  preference  differences  between  Hereford  and 
Santa  Gertrudis  cattle  on  New  P4exico  ranges.  Their  measure  of 
preference  was  the  percent  of  the  total  of  all  observations  a 
species  of  forage  plant  was  grazed.  Dwyer  et  al.  (1964)  con- 
sidered percent  of  plants  grazed  as  an  index  to  forage  prefer- 
ence in  their  study  of  steer  preferences. 

( i i i )  an ima 1 presence  or  density  --  Reardon  et  al.  (1978)  consider 
the  density  of  deer  on  various  rangelands  grazed  by  livestock 
on  a deferred  rotational  basis.  They  contend  that  the  number 
of  deer  present  on  different  rangelands  indicate  a species 
preference  for  that  grazing  system.  Coleman  et  al.  (1971) 
consider  that  selective  grazing  by  herbivores,  in  this 
instance  cattle,  constitutes  preference.  They  correlated 
preference  to  chemical  constituents  of  the  forage  plants. 
Miller  (1968)  considered  preference  as  the  ratio  between  the 
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percent  of  deer  of  the  total  deer  sighted  in  each  plant 
community  and  the  frequency  of  occurrence  of  the  plant 
conrnun  i t y . 

(iv)  plant  use  — Beale  and  Smith  (1970)  studied  pronghorn  antelope 
in  western  Utah.  By  using  some  rumen  samples  and  random  ob- 
servations of  feeding  sites  and  occular  estimates  of  use  on 
sample  plots,  they  determined  utilization  of  forage  species. 

By  ranking  the  utilization  figures  from  low  to  high  they 
established  a preference  rank.  Korschgen  et  al.  (1980)  con- 
sidered utilization  the  same  as  preference  as  long  as  deer 
populations  remain  within  the  carrying  capacity  of  the  land. 
Severson  and  May  (1967)  also  consider  utilization  synonym ous 
with  preference,  but  their  study  dealt  with  antelope  and 
domestic  sheep.  For  their  study  of  deer  and  cattle,  Drawe  and 
Box  (1968)  obtained  preference  values  simply  by  multiplying 
percent  frequency  of  a forage  plant  on  the  range  by  the 
percent  utilization. 

( v)  simple  ma t hemat ical  relationship  --  Heady  and  Torell  (1959) 
sampled  the  botanical  composition  of  study  plots  and  the 
extrusa  of  esophageally  fistulated  sheep.  The  contribution  in 
percent  of  the  diet  compared  to  the  percent  contribution  to 
the  grasssland  of  a particular  forage  species  constituted 
preference.  McCaffery  et  al.  (1974)  determined  preference  by 
multiplying  the  percent  volume  of  a plant  species  in  the  diet 
determined  from  rumen  extrusa  analysis  by  the  percent  occur- 
rence of  the  plant  species  in  the  diet  (i.e.  frequency). 
Bedell  (1968)  used  the  difference  between  forage  percent  in 
the  diet  of  cattle  and  sheep  and  the  forage  on  the  rangeland, 
the  latter  determined  from  cl ipped  plots,  the  former  from 
f i stu I ated  an imal s . 

(vi)  other  measures  --  Longhurst  et  al.  (1979)  offered  forage  to 
caged  animals  in  cafeteria  feeding  trials.  Based  on  the 
selective  feeding  of  the  sheep  and  deer  used  in  the  study  they 
established  a preference  rank  of  preferred  forage  species. 
Their  intent  was  to  determine  palatability  of  the  browse 
species  in  the  study  area.  (Note  here  that  the  word  palata- 
bil  ity  may  be  used  improperly.)  In  eastern  Colorado,  Reppert 
(1960)  dealt  with  forage  preferences  in  cattle.  His  obser- 
vations of  grazing  heifers  were  based  on  mouthfuls  of  forage. 

He  determined  preference  by  the  percent  composition  each 
forage  plant  species  contributed  to  the  total  forage 
con  sumed . 

The  above  papers  and  the  procedures  for  preference  determinations 
explained  in  them  lack  a certain  rigor  in  those  preference  determinations. 
The  next  subsection  considers  examples  of  preference  determination  which 
involve  somewhat  more  manipulation  of  the  data. 
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4 . 2 Exampies  of  Calculated  Preference  Values 

Other  workers  use  some  means  or  method  to  establish  preference  values  or 
ranks  of  forage  species  in  herbivore  diets.  These  studies  do  not  necessarily 
calculate  preference  using  an  index  as  discussed  in  Section  3.0  above,  but 
some  relationship  between  forage  plants  and  animal  preference  is  establ  ished. 
These  methods  include: 

(i)  availability  or  availability  factors  --  Drawe  (1968)  and 
Everitt  and  Drawe  (1974)  used  an  availability  factor  in  their 
determination  of  preference.  The  factor  was  arbitrarily  set 
at  1 for  rare,  2 for  occassional,  3 for  frequent  and  4 for 
abundant  occurrence  of  a forage  plant  on  the  range.  The 
factor  was  then  divided  into  the  product  of  the  percent 
frequency  of  occurrence  and  the  percent  volume  of  the  forage 
plant  in  the  diet.  Chamrad  and  Box  (1968)  sampled  the  range 
of  south  Texas  and  took  rumen  samples  from  wh i te-ta i I ed  deer. 

Their  preference  value  was  calculated  by  multiplying  percent 
frequency  in  a rumen  sample  times  the  percent  volume  in  the 
rumen  sample  of  a forage  plant.  The  preference  rating  they 
used  took  the  preference  value  and  divided  it  by  an  availa- 
bility factor  determined  from  range  sampling.  Krausman 
(1978),  in  his  determination  of  preference  for  mule  deer  and 
white-tailed  deer  in  Texas  first  calculated  an  availability 
number  by  multiplying  the  frequency  times  the  percent  density 
of  the  plant  in  the  field.  The  range  on  this  value  was  zero 
to  10,000.  Preference  was  then  calculated  as  percent 
frequency  times  the  percent  volume  in  the  rumen  divided  by 
aval  5 a b i I sty, 

(ii)  forage  weight  in  the  conrmun  ity  --  The  percent  contribution  of 
each  forage  species  in  the  diet  divided  by  the  percent  by 
weight  of  that  species  in  the  community  was  the  method  whereby 
Collins  et  at.  (1978)  determined  preference  of  elk  for  forage. 

This  same  method  was  used  by  Deschamp  et  al . (1979). 

(iii)  relative  preference  index  — Krueger  et  al.  (1  974)  used  RPl-j 
(see  Section  3.1  above)  to  measure  preference  in  sheep  as 
related  to  taste,  touch,  smell  and  sight  of  forage  plants. 

Uresk  and  Rickard  (1976)  used  the  same  relative  preference 
index  for  their  study  of  steer  diets  in  s o u t h - c e n t r a I 
Washington. 

( iv)  site  use  — Stevens  (1  966)  recorded  instances  of  use  of  forage 
species,  one  instance  being  one  bite,  of  cattle,  sheep  and 
elk.  Preference  was  established  as  seasonal  or  vegetation 
type  use  as  an  average  of  aggregate  percent  use  per  site 
divided  by  percent  of  sites  on  which  an  item  was  used  in 
relation  to  all  sites  in  that  category.  Martinka  (1968,  1969) 
used  an  aggregate  percentage  method  to  determine  preference  of 
white-tailed  deer,  mule  deer  and  elk.  In  the  1968  paper, 
rimen  analysis  indicated  diet  botanical  composition.  In  the 
1 969  paper,  feeding  sites  were  examined  for  instances  of  use 
of  plant  species.  The  preference  index  was  then  calculated  as 
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the  average  percent  use  of  ail  plants  used  per  site  divided  by 
the  percent  of  sites  (within  a plant  community)  in  which  a 
specific  taxon  was  used. 

(v)  averages  — Marcum  (1979)  studied  the  food  habits  of  a Montana 
elk  herd  in  the  summer  and  fall.  His  preference  values  were 
derived  from  dividing  average  relative  plant  util  ization  for 
each  plant  species  by  the  average  absolute  cover  of  that 
species  for  all  study  plots  measured  during  a given  month. 

Smith  (1  953  ) studied  captive  mule  deer  and  fed  them  selected 
forage  from  that  available  in  the  study  area.  Over  a total  of 
seven  trials  and  a period  of  five  months,  he  establ  ished 
preference  values  for  some  32  forage  plants  by  dividing  the 
average  consumption  of  any  species  during  a period  by  the 
average  daily  forage  intake  during  the  corresponding  period. 

Lay  (1967),  studying  deer  range  in  eastern  Texas,  measured 
utilization  of  growth  on  sample  plots.  These  measures  were 
then  used  to  determine  palatability  ratings.  A "utilization 
mean"  was  then  derived  by  dividing  the  percent  utilization 
readings  by  the  nunber  of  plots  in  which  they  occurred.  The 
means  were  then  combined  into  a mean  index  for  each  group  or 
forage  class  (browse,  pine,  grasses,  etc.). 

(vi)  statistical  tests  — Clary  and  Pearson  (1969)  studied  cattle 
preferences  for  forage  species  in  northern  Arizona.  Their 
measure  of  preference  compared  actual  forage  species  use  to  a 
base  or  standard  species.  They  tested  for  significant 
differences  between  the  two  with  covariance  analysis.  Tomanek 
et  al . (1958)  used  a chi-square  test  to  determine  if  cattle 
were  grazing  any  of  six  mixed  prairie  grasses  in  other  than 
random  fashion.  They  correlated  results  of  this  test  with 
percent  occurrence  of  species  on  each  site,  percent  of  grazed 
samples  on  each  site  and  the  number  of  times  a species  was 
grazed  in  relation  to  the  number  of  times  that  species  was 
present  on  a transect.  From  these  observations  they 
established  three  classes  of  preference,  significant  negative 
preference,  significant  positive  preference  and  no  significant 
preference. 

(vii)  other  methods  — Oldemeyer  et  al.  (1971)  examined  feeding 
sites  to  determine  relative  frequency  of  grazing.  They  then 
calculated  an  index  of  preference  by  dividing  the  percent  of  a 
species  to  be  grazed  or  browsed  by  its  percent  plant  cover. 

Sections  4.1  and  4.2  are  intended  to  point  out  the  wide  variety  of 
essentially  non-numer  i c a I techniques  that  have  been  used  to  determine  forage 
preferences  of  large  herbivores.  Our  review,  while  not  complete,  does  show 
that  the  methods  of  obtaining  forage  preference  values  are  as  varied  as  the 
number  of  studies  which  include  preference.  The  one  disturbing  feature  of  all 
this  preference  determination  work  is  that  values  for  preference  obtained  in 
one  study  determined  by  one  methodology  may  not  be  compared  with  preference 
values  (often  for  the  same  plant  or  herbivore  species)  derived  in  a second 
study.  This  problem  precludes  evaluation  of  preferences  across  many  studies 
and  is  a cogent  reason  for  standardizing  preference  value  determination 
methodologies. 


5.0  CONCLUSIONS 


The  survey  of  the  literature  on  forage  preference,  its  measure  and 
calculation  has  indicated  that  there  is  interest  in  measuring  and  predicting 
forage  preference  and  that  seemingly  every  study  has  a way  of  doing  so.  The 
problem  presented  by  this  fact  is  preferences  calculated  in  one  study  cannot 
be  used  elsewhere.  Because  the  ranges  of  the  values  calculated  for  preference 
vary,  depending  on  which  of  several  numerical  formulae  one  uses  to  calculate 
preference,  transfer  of  values  and  conclusions  from  one  study  to  another  is 
Impossible  if  two  different  methods  of  calculation  are  used. 

The  r ecommendat i ons  are  obvious.  A standard  preference  index  needs  to  be 
adopted  which  is  acceptable  by  reason  of  index  range,  ease  of  calculation, 
ease  of  required  data  gathering  and  agreed-upon  interpretation.  Arguments  for 
and  against  such  an  index  must  be  clearly  elucidated  so  that  users  can  know 
the  limitations  of  the  index.  Once  this  is  accomplished,  subsequent  studies 
can  be  compared  and  contrasted  as  regards  preference.  Allowance  for  temporal 
changes  in  preference  will  have  to  be  made.  Krueger  et  al.  (1974)  have  shown, 
preference  can  change  over  time  while  range  composition  changes  or  preferences 
can  change  markedly  while  herbage  composition  change  Is  small. 

This  review  has  cited  a number  of  studies  where  preference  is  Judged  to 
be  a rank  of  utilization  or  consumption  or  a simple  ratio  of  some  field 
measurements  of  the  above.  After  a standard  index  is  adopted,  preference 
values  in  earlier  studies  need  to  be  calculated  again.  This,  of  course,  would 
be  a formidable  task  as  not  all  studies  report  data  from  which  their  prefer- 
ence values  were  calculated.  St  i S I some  back-ca  S c u I a t 5 o n could  be  done  and 
were  possible,  original  data  obtained  by  requests  to  workers  over  the  tele- 
phone or  via  the  malls. 

The  preference  index  favored  at  the  moment  for  incorporation  into  the 
optimization  formulation  of  equation  (1)  is  a normalized  index  with  a range 
from  zero  to  one  as  is  shown  in  equation  (17). 


CHAPTER  F 

RESULTS  AND  COMPARISONS  OF  ALTERNATIVE 
MODEL  STRUCTURES 


ABSTRACT 


The  forage  allocation  problem  involves  selecting  the  optimal  numbers  and 
species  of  animals  to  be  grazed  on  a given  grazingland  such  that  forage  use  is 
maximized.  At  the  same  time  there  are  constraints  to  overgrazing  any 
individual  important  plant  species,  to  leave  sufficient  vegetation  cover  as 
protection  of  the  soil  from  wind  and  water  erosion  or  to  manipulating  animal 
numbers  seasonally  in  an  impractical  manner.  The  problem  can  be  formulated  as 
a mathematical  p r o g r anrsn  i n g optimization  model.  A variety  of  linear  and 
nonlinear  programming  formulations  can  be  used  to  aid  in  resource  management 
decision  making.  This  paper  presents  original  formulations,  analyses,  and 
interpretations  of  optimization  models  for  forage  allocation.  Detailed 
mathematical  formulations  are  provided  along  with  an  extensive  set  of 
narrative  conclusions  about  this  area  of  work.  Models  that  are  formulated  and 
solved  herein  using  a real-life  data  set  vary  from  linear,  single-season, 
deterministic  models  up  to  more  realistic  but  more  complex  models  that  are 
nonlinear,  multiple-season,  weighted-objective  function,  and  the  deterministic 
equivalent  of  stochastic  models  with  chance  constraints.  Six  main 
optimization  model  structures  were  applied  to  a common  data  set  for  comparison 
wherein  four  animals  species  were  available,  two  domestic  and  two  wild,  and 
the  plant  species  available  were  aggregated  into  warm-season  grasses, 
cool-season  grasses,  warm-season  forbs,  cool-season  forbs,  and  shrubs.  In  the 
multiple-season  models  the  year  was  subdivided  into  seasons  of  spring,  summer, 
fall,  and  winter  for  the  optimization  analyses.  The  most  complete  model 
formulation  incorporates  a wide  variety  of  biological  and  technical 
information.  St oc h a s t i c i t y in  these  models  refers  to  the  use  of  chance 
constraints  which  reflect  possible  uncertainty  in  the  random  variables 
entering  into  the  model.  The  objective  is  to  minimize  the  amount  of  herbage 
remaining  after  grazing.  This  depends  on  the  total  amount  of  herbage 
available  before  grazing  which  in  turn  depends  upon  the  number  of  hectares  in 
the  grazing  area,  allowable  use  factors  for  plants,  beginning  standing  crop  of 
vegetation  plus  a growth  increment,  and  vegetation  loss  due  to  natural  causes 
other  than  grazing.  The  amount  of  herbage  grazed  is  calculated  from  the 
number  of  days  the  animals  are  on  the  grazingland,  the  total  forage  intake 
requirement  of  the  animals  per  day,  the  relative  dietary  preference  (used  to 
calculate  diet  composition),  and  the  unknowns,  i . e . , the  numbers  of  different 
animal  species  to  be  grazed  in  different  seasons.  Considering  four  grazing 
seasons  and  five  plant  groups,  there  are  four  site  maintenance  constraints,  20 
different  overgrazing  constraints  representing  five  plant  species  and  four 
time  intervals.  In  addition  upper  and  lower  limits  can  be  specified  on  each 
of  the  four  animal  species  in  each  of  the  four  seasons.  Several  areas  of 
further  work  or  needed  information  were  identified.  These  include,  but  are 
not  limited  to,  improvements  in  mode!  formulations  particularly  for  including 
spatial  influences  in  problem  formulation  and  in  formatting  output  for  ease  of 
use  by  resource  decision  makers,  obtaining  a better  understanding  of  dietary 
preference  and  composition  of  grazing  large  herbivores,  and  developing  a 
better  way  to  calculate  or  understand  herbage  losses  at  different  seasons  on 
different  gr az i ng I ands  . 
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1.  INTRODUCTION 


Several  optimization  models  and  their  variations  are  presented  in  Chapter 
A.  We  consider  these  formulations  potentially  feasible  methods  of  determining 
forage  allocated  to  large  herbivores.  The  models  range  from  the  very  simple 
linear  single-season  formulation,  with  several  inherent  simplifying 
assumptions,  to  the  more  complex  formulations  which  have  incorporated  in  them 
random  variables.  They  also  require  fewer  simplifying  assumptions. 


1 . 1 Surrmary  of  the  Conceptual  Model  Form 

The  general  conceptual  model  can  be  stated  as  minimizing  the  remaining 
available  herbage  following  grazing  or  maximizing  the  grazed  forage,  both  in 
terms  of  kilograms  of  phytomass.  Either  of  the  above  s t r u c t u r e s , max im i z i n g 
or  minimizing,  is  derived  through  the  actual  implementation  of  the  following 

express i on : 

minimize  [%  \ =1Z  ^=1  ( ( A ; n-  £ J =1  X.  nRj  j n ) ExP°nen  t .Wj  n ) ] (1) 

where: 

Ajn  - HU j n ( S j n+G j n ) ( 1 -L j n ) 

R i j n = TnCj  nDi j n 

Wjn  = Ajn:  model  3,  5B,  and  6C 

1:  models  1,  2A,  2B,  4,  5A,  5C,  6A  and  6B 

Exp  = 2:  models  4,  5C,  6B  and  6C 

1:  models  1,  2A,  2B,  3,  5A,  5B  and  6A. 

All  the  above  variables  are  known,  with  the  exception  of  the  X's,  the 
herbivores,  which  are  the  decision  variables,  and  the  standing  crop,  S’s, 
after  the  first  season.  (For  a definition  of  the  variables,  symbols,  and 
notationa!  conventions  used  throughout  of  this  chapter,  refer  to  Appendix  A. 

From  the  conceptual  form  of  the  model  (1)  six  basic  groups  of  model 
formulations  are  derived  and  implemented.  The  characteristics  of  these  models 
are  shown  in  Table  FI. 


1 . 2 Objectives 

The  purposes  of  this  chapter  are  to:  1)  derive  the  standard  form  models 
from  the  conceptual  model  (1);  2)  implement  the  standard  form  models;  3) 
describe  a common  data  set  used  for  the  evaluation  of  the  models  and  the 
information  requirements  of  the  models;  4)  discuss  the  special  problems 
associated  with  the  stochastic  models  and  the  assumptions  made  of  the 
distributions  of  the  variables  used  in  the  models;  and  5)  discuss  the  model 
results  or  the  common  data  sets  in  terms  of  both  biological  and  management 
imp  I ications. 


Table  FI.  Comparison  of  model  structure  with  various  objective  functions  with  equivalent  sets  of 

deterministic  or  chance  constraints  and  the  code  types  used  to  solve  them  for  allocation 
of  forage  to  four  animal  species. 
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Several  different  kinds  of  variables  are  used  in  the  models.  This 
special  problems  in  making  assumptions  about  the  distributions  of 
variables.  These  are  discussed  below. 


poses 

these 


2.  DISTRIBUTIONS  OF  THE  VARIABLES  USED  IN  THE  MODELS 


A variable  may  be  defined  "as  a property  with  respect  to  which 
Individuals  in  a sample  differ  in  some  ascertainable  way"  (Sokai  and  RohSf 
1969).  Our  models  make  use  of  nine  different  classes  of  parameters,  of  which 
two  are  constants,  three  are  continuous  variables,  and  four  are  derived 
variables.  in  addition  to  these,  there  are  three  additional  classes  of 
constants  unique  to  the  right-hand  side  of  some  constraints. 

The  parameters  H and  T are  constants  and  are  therefore  without 
distributions.  The  parameter  H represents  one  constant  in  all  the  models. 
The  parameter  T represents  one  constant  in  the  single-season  models  and  four 
constants  in  the  multiple-season  models. 

The  parameters  S,  G,  and  X are  represented  as  continuous  variables  where 
S and  G are  measurement  variables  and  X is  a decision  variable.  The 
parameters  S and  G each  represent  5 (single-season)  or  20  (multiple-season) 
continuous  measurement  variables,  while  X represents  4 or  16  continuous 
decision  variables  in  the  single-season  or  multiple-season  formulations, 
respectively.  Decision  variables  represent  those  variables  that  the 
optimization  models  select  for  through  evaluation  of  the  model’s  objective 
function,  subject  to  its  constraints.  The  continuous  measurement  variables  S 
and  G are  treated  as  random  variables  in  the  stochastic  models  and  are  assumed 
to  be  normally  distributed.  The  validity  of  such  assumptions  is  questionable, 
but  they  are  the  simplest  assumptions  that  can  be  made  until  further  work  In 
the  area  of  estimating  and  predicting  these  variables  shows  otherwise. 
However,  given  any  data  set  used  to  estimate  S and  G,  a variety  of  statistical 
test,  such  as  a runs  test,  can  be  used  to  validate  an  assumption.  Once  it  is 
deemed  that  all  the  quantities  of: 

Ej  = Ajjn-bg  <_  0 for  i=1,...n 

which  represents  any  inequality  constraint,  have  finite  means  and  variances, 
then  by  the  central  limit  theorem,  the  quantity: 

( A|  - E ( A | ) ) / VAR[ Aj  ] 

will  tend  to  a unit  normal  variate,  N(Q,1)  if  the  variables  sufficiently 
approximates  the  normal  distribution  (Sengupta  1972). 

Thus,  the  transformation  of  a deterministic  constraint  into  a 
chance-constraint  (discussed  later  in  sections  3.2.5  and  3.2.6)  is  made  more 
easily  if  normality  of  random  variables  can  be  assumed.  Furthermore,  the 
penalty  function  of  the  chance-constraint  is  fairly  robust  in  its  assumption 

of  norma  1 i ty . 

The  parameters  U,  L,  C,  and  D are  derived  variables.  The  derived  or 
computed  variable  generally  stems  from  at  least  two  or  more  independently 
measured  variables  versus  the  continuous  measurement  variable  which  is  a 
single  observation  of  a direct  measurement  of  some  material.  The  derived 
variable  can  be  expressed  as  a ratio,  proportion,  percentage,  index,  or  a 
rate,  to  name  a few.  The  variables  U,  L,  and  D are  proportions,  or  normalized 
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ratios.  As  such,  they  represent  pure  numbers,  dimensionless,  free  of 
association  with  any  kind  of  unit.  The  variable  C is  a rate,  which  is  also  a 
ratio  (mass/time),  but  differs  from  U,  L,  and  D in  that  it  is  associated  with 
the  physical  units  of  mass  and  time. 

There  are  several  disadvantages  associated  with  derived  variables,  two  of 
which  are  of  particular  concern  here.  The  first  disadvantage  is  their 
relative  inaccuracy.  For  example,  consider  a ratio  similar  to  U,  L,  and  D; 
2. 3/3. 9.  The  measurement  of  2.3  and  3.9  implies  a true  range  of  measurements 
from  2.25  to  2.35  and  3.85  to  3.95,  respectively.  Therefore,  the  true  ratio 
may  vary  from  2.25/3.95  to  2.35/3.85  or  .570  to  .610.  The  maximal  possible 
error  in  the  above  ratio  is  7.2%  as  compared  to  2.6%  and  4.4%  for  the 
measurements  of  2.3  and  3.9,  respectively. 

The  second  major  disadvantage  of  derived  variables  is  in  describing  their 
distribution.  Ratio,  proportion,  and  percentage  variables  generally  have  very 
unusual  distributions  and,  therefore,  rarely  if  ever,  resemble  a normal 
distribution.  Such  variables  can  be  transformed  into  normal  distributions  by 
using  the  arcsine  transformation.  In  doing  so,  all  ratio  variables  are 
homoscedas t i c throughout,  that  is,  they  all  have  the  same  parametric  variance, 
the  constant  820*8. 

It  would  be  inappropriate  to  use  arcsine  transformed  variables  in  our 
models  in  order  to  treat  them  as  normally  distributed  variables.  First  of 
all,  the  transformed  variables  would  be  of  no  use  to  the  model's  properly 
intended  evaluation  of  the  objective  function  and  the  constraints.  Secondly, 
the  transformed  variables'  distribution  would  all  have  the  same  parametric 
variance  and,  therefore,  the  models  could  not  address  questions  concerning 
differing  degrees  of  variation  in  U,  L,  or  D.  Lastly,  the  normal  distribution 
obtained  through  transforming  the  variables  would  only  be  indicative  of  the 
properties  of  derived  variables  and  not  at  all  indicative  of  the  properties 
inherent  in  the  original  continuous  measurement  variables  used  to  derive  U,  L, 
and  D.  Therefore,  due  to  the  anomalies  of  derived  proportion  variables  U,  L, 
and  D will  be  treated  as  constants. 

As  mentioned  above,  the  derived  variable  C differs  from  U,  L,  and  D since 
it  is  associated  with  physical  units.  Hence,  C can  be  considered  normally 
distributed  if  one  can  assume  the  original  measurement  variables,  mass  and 
time,  are  randomly  distributed  since  the  quotient  of  two  random  variables  is 
also  a random  variable.  However,  one  can  not  accurately  determine  the  true 
distribution  of  C without  knowing  the  distributions  of  the  mass  and  time  unit 
variables  and  thereby  derive  the  distribution  of  C precisely  as  the  quotient 
of  those  two  continuous  variables.  If  the  measure  of  time  can  be  considered 
as  a constant  by  using  the  same  period  of  time  to  measure  the  ingested  mass, 
the  calculation  can  be  made  simpler  such  that: 

1 

VAR [ C | = ((time) ^* VAR [mas  s ] ) 
versus  treating  them  both  as  random  variables. 

In  either  case,  C can  be  treated  as  a random  variable  providing  we  assume 
that  at  least  the  original  mass  measurement  used  to  derived  C is  randomly 
distributed.  The  same  assumption  can  be  made  for  the  variables  S and  G as 
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well.  Evidence  at  present  seems  to  conform  with  these  assumptions  since  it 
suggests  that  intake  rates  of  cattle  and  sheep,  the  two  domestic  herbivores 
considered  in  the  models,  are  normally  distributed  (Chapter  C) . 

In  summary,  the  random  variables,  assumed  to  be  normally  distributed  are 
S,  G,  and  C,  which  represent  the  standing  crop  (for  n=1  only),  the  growth  in 
the  standing  crop,  both  in  kg/ha,  and  the  consumption  rate  of  the  herbivores 
in  kg/day,  respectively.  The  remaining  variables  H,  U,  L,  T,  and  D are 
treated  as  constants. 


3.  STANDARD  AND  NUMERICAL  FORMS  OF  THE  FORAGE  ALLOCATION  MODELS 


The  forage  allocation  models,  considered  herein,  are  conceptual  in  form. 
As  such,  a conceptual  mode!  must  be  transformed  into  the  standard  form  model 
of  the  particular  type  of  algorithm  chosen  to  solve  the  model.  The  complexity 
of  the  process  can  range  from  the  very  simple  to  the  very  complex  depending  on 
how  well  the  conceptual  form  model  resembles  that  of  the  standard  form  model. 
Generally,  though,  the  more  complex  a conceptual  model  is  the  more  complex  is 
the  transformation  to  a standard  form  model. 


3.1  The  Standard  Form  Models 


The  models  considered  are  solved  by  algorithms  which  are  of  three 
different  types.  Accordingly,  three  kinds  of  standard  form  models  are  used. 
These  are  the  Linear,  Quadratic  and  Non-Linear  Programming  Problem  Standard 
Forms.  Both  the  Linear  and  Quadratic  Standard  Forms  are  in  a matrix  form,  and 
as  such,  represent  the  "true"  standard  form  algorithms. 


3.1.1  The  Linear  Programming  Problem 

The  Linear  Programming  Problem  (L.P.P.)  is  a mathematical  program  which 
consists  of  a linear  objective  function  which  is  constrained  by  a system  of 
linear  constraints  in  the  form  of  equalities  or  inequalities.  The  actual  form 
of  these  constraints  vary  in  different  conceptual  models  but  any  linear 
programming  problem  can  be  transformed  into  the  following  standard  form 
mode  I : 


minimize 

cTx 

subject  to 

Ax  = b 

x € En 

x > 0 


where  x,  the  unknown  or  decision  variable  vector,  is  defined  as  an  n column 
vector  belonging  to  an  n-d imen s i ona I Euclidean  space  and  denoted  by  En.  The 
row  vector,  c^,  represents  the  cost  coefficients  of  the  objective  function. 
The  m x n matrix  A and  the  column  vector  b are  the  fixed  real  constants  of  the 
system  of  constraints.  The  vector  inequality,  x >_  0,  states  that  each 
component  of  x is  non-negative. 

Inequality  constraints  may  be  incorporated  into  the  L.P.P.  by  the 
addition  of  slack  and  surplus  variables.  For  example,  by  the  addition  of  the 
positive  variable  yj  to  take  up  the  "slack"  in  the  less  than  or  equal  to 

I i near  inequa I i ty.  So : 

aiixi+a-j2x2+a1  3x3.ib1 


a2l x2+a22x2+a23x3lb2 


can  be  transformed  into  an  equivalent  equality  expression: 
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anxi+ai2x2+ai3x3+yi  " bi 
s2lx1+a22x2+a23x3  +V2=  b2* 


The  greater  than  or  equal  to  inequality: 


al  1 X1  +a1  2x2+a1  3x3  .1  b1 


a2lx1+a22x2+a23x3  1 b2 


may  be  transformed  as  well  to  a linear  equality  expression  by  the  use  of  the 
negative  variable  yg  to  take  out  the  "surplus*1  of  the  inequality.  This 
results  in: 


a11x1+al2x2+a1  3x3””y  1 ~ b1 

a2lx1+a22x2+a23x3  ”Y2™  b2* 

A maximization  problem  can  be  easily  transformed  to  a minimization  problem  by 
simply  multiplying  all  of  the  cost  coefficients  of  the  objective  function 
(i.e.,  the  c!s)  by  negative  unity.  Many  algorithms  available  for  solving 
L.P.P. 1 s an t oma  t i c a S S y put  in  slack  and  surplus  variables  as  well  as 
converting  maximization  problems  into  minimization  problems. 

Thus,  the  L.P.P,  algorithm  may  be  used  to  solve  linear  objective 
functions  constrained  by  linear  equality  or  inequality  constraints 
constraints  through  the  use  of  slack  and  surplus  variables. 


3.1.2  The  Quadratic  Programming  Problem 


The  Quadratic  Programming  Problem  (Q.P.P.)  is  a mathematical  program 
consisting  of  a quadratic  objective  function  subject  to  linear  Inequality 
constraints.  The  standard  form  of  the  Q.P.P.  Is: 


minimize 


F(x)  = 1/2xTqx+cTx 


subject  to 


Ax<b  x S, 


where  x,  as  before,  is  the  decision  variable  vector,  c"^"  is  the  cost  coeffi- 
cient vector,  the  matrix  A and  the  vector  b are  the  fixed  real  constants  all 
of  which  are  the  same  components  as  those  of  the  L.P.P.  The  n x n matrix  Q is 
the  hessian  and  represents  the  quadratic  terms  of  the  objective  function.  The 
quadratic  function  may  be  decomposed  into  an  n x n hessian,  Q,  and  a row 
vector  cT  by  inspection  or  by  partial  derivatives: 


a xl3X| 

C = vHx)  x=o • 


Thus  the  hessian,  Q,  is  a n x n symmetric  matrix  of  second  order  partial 
derivatives  with  respect  to  x and  the  vector  c is  obtained  through  the 
gradient  of  F(x)  with  respect  to  x,  evaluated  at  zero. 
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The  Q.P.P.  does  not  allow  for  equality  constraints  and  therefore  all  such 
constraints  must  be  substituted  out  of  the  constraint  system  and  the  objective 
function.  This  is  accomplished  by  expressing  the  equality  constraint  as  a 
function  of  one  of  the  decision  variables  which  is  then  substituted  out  of  the 
problem  entirely.  The  values  of  the  substituted  decision  variables  are  then 
determined  by  means  of  the  original  equality  constraint  with  knowledge  of  the 
decision  variables  which  where  solved  for  by  the  solution  algorithm. 

The  implicit  non-negativity  constraint  for  a decision  variable  is  lost 
when  it  is  substituted  out  of  the  problem.  If  it  is  possible  for  a non-free 
decision  variable  to  take  on  negative  values  then  the  derived  expression  for 
the  substituted  variable  may  be  used  as  an  additional  explicit  non-negativity 

constraint. 


3.1.3  The  Non-Linear  Prograrrming  Problem 

The  Non-Linear  Programming  Problem  (N.L.P.P.)  is  a mathematical  program 
consisting  of  a non-linear  objective  function  constrained  by  linear  or 
non-linear  constraints.  The  standard  form  of  the  N.L.P.P.  is  as  follows: 

optimize  gj^X)  X€En 

subject  to 

Sower  bound  (n  + i)  £ gj(X)  £ upper  bound  (n+i) 

i — 1 , 2 , ...m 

i t k 

Sower  bound  (i)  _<  Xj  <_  upper  bound  (i) 

i — 1 , 2 , ...  n 

where  X is  the  decision  variable  vector;  optimize  refers  to  the  minimization 
of  convex  functions  or  the  maximization  of  concave  functions.  Equality 
constraints  may  be  used  as  well  as  inequality  ones.  The  N.L.P.P.  algorithms 
differ  principally  from  the  L.P.P.  and  Q.P.P.  "standard  form"  algorithms  in 
two  ways:  1)  they  solve  for  an  optimal  solution  subject  to  constraints  by 

methods  of  approximation  whereas  the  "standard  form"  algorithms  solve  for 
algebraically  "exact"  solutions  (except  for  computer  derived  di scr et  i n i zat  i on 
error);  2)  they  utilized  computer  coded  (generally  FORTRAN)  subroutines, 
supplied  by  the  user,  to  evaluate  the  objective  function  and  constraints 
and/or  the  gradients  and  Hessian  thereof. 

Thus,  instead  of  doing  matrix  manipulations  to  pivot  for  increasingly 
better  basic  feasible  solutions,  as  is  the  case  of  the  standard  form 
algorithms,  the  N.L.P.P.  algorithms  generally  follow  the  following  simplified 
scheme:  1)  attempt  to  find  a basic  feasible  solution  if  the  user  supplied 

starting  point  violates  any  of  the  constraints  or  bounds;  2)  determine  a 
feasible  direction  (a  direction  that,  in  the  case  of  the  minimization  problem, 
leads  to  a reduction  in  the  value  of  the  objective  function  without  violating 
a constraint  or  bound);  and  3)  determine  the  optimal  point,  by  way  of  a line 
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search  along  the  previously  picked  direction®  The  last  two  processes  are 
Iterated  until  the  algorithm's  criteria  of  an  optimal  feasible  solution  is 
satisfied®  There  are  many  kinds  of  methods  for  solving  any  of  the  above  three 
tasks,  all  of  which  are  suited  to  particular  kinds  of  problems®  Yet  there  is, 
generally,  at  lek. s t one  classic  example  problem  for  each  method  where  failure 
to  converge  on  the  optimal  solution  is  inevitable® 

With  a knowledge  of  the  standard  form  required  for  each  of  the  solution 
algorithms,  the  conceptual  forage  allocation  models  may  be  transformed  into  a 
numerical  model  consistent  with  the  appropriate  standard  form®  This  Is 
d i sens  sed  next  ® 


The  six  groups  of  forage  allocation  models  represent  Increasing  degrees 
of  complexity  for  expressing  both  the  objective  function  and  the  constraints. 
As  such,  their  individual  numerical  forms  become  increasingly  more  complicated 
and  the  less  the  numerical  form  resembles  the  original  conceptual  form®  As 
the  conceptual  models  are  transformed  into  a standard  form  programming 
problem,  either  an  L®P®P®,  Q®P®F®  or  N®L®P®P»,  the  transformation  results  in 
changes  to  the  structure  of  the  objective  function®  The  more  comp  lex  the 
original  conceptual  model  is  the  more  drastic  the  resulting  structural 
changes®  An  evaluation  of  these  changes  is  the  true  test  of  the  logical 
consistency  of  the  model  and  is  perhaps  the  most  vital  step  In  the 
optimization  modelling  process® 

3 . 2 o 1 Model  1 : Linear,  Singie -Season,  Deterministic  Modej_ 

The  original  objective  function  of  the  forage  allocation  mode!,  in  its 
linear,  single-season,  non-we S ght ed , deterministic  form,  may  be  most  simply 
expressed  (without  constraints)  as: 


Since  the  entire  left  hand  side  of  the  function  (2)  or  that  portion 
representing  Ai,  is  known  and  thus  does  not  affect  the  gradient  of  the 
objective  function,  the  left  hand  side  drops  out  of  the  objective  function 
resulting  in: 


3®2  Numerical  Forms 


m s rs  f ( X j ) 


or  expanded  as: 


min  f(Xj)  = minz!=1[HU,(Si+G,)(1-Li)-Tzj=1X|CjD||)]9 


(2) 


min  E ■=1“TzJ=1XjCjD 


J =1  j j i j 


By  definition  of  D j j : 


since  it  refers  to  the  relative  contributions  of  each  forage  class  i 
represented  in  the  diet  of  herbivore  j.  Therefore  the  objective  function 
bee  ome s : 


min  -T  ^ ]=iX.C. 

I J J 

which  is  equivalent  to: 

max  T Z ) =1 XJ Cj  (3) 

where  x is  defined  by  a 4-dimensional  Euclidean  space,  representing  the  four 
herbivores. 

3. 2. 1.1  Single-Season  Deterministic  Constraints 

The  single-season  deterministic  constraints  consist  of  one  site 
maintenance  constraint  and  five  over-grazing  constraints.  In  the  standard 
form  the  site  maintenance  constraint  becomes: 

TZ|=1CjXj  < H j]  =i  ( ( S j +G j ) ( 1 -L  j ) ) -M 

and  the  over-grazing  constraint  in  standard  form  becomes: 

T zj  =1 Xj  C j D j j £ HUj (Sj+Gj ) ( 1 -L , ) for  i=1,  2, ...I,  where  1=5. 

Using  the  data  set  discussed  in  Section  6 (Table  F13)  the  final  implemented 
numerical  form  of  model  1 is: 

min  (2208.25,  1595.05,  485.45,  276.305)TX 

subject  to 

(2208.25,  1595.05,  485.45,  276. 305)TX  £ 7.41 935x106 

(1457.445,  622.0695,  111.6535,  52.49795)TX  £ 1 .989x106 

(596.2275,  494.4655,  131.0715,  1 07 . 75895)TX  £ 6. 762x1 05 

(22.0825,  111.6535,  19.418,  1 1 . 0522)TX  £ 1 . 9575x1 05 

(88.33,  175.4555,  72.8175,  96 . 70675 ) TX  £ 1 . 4904x1 05 

(44.165,  191.406,  150.4895,  8 . 2891 5 ) TX  £ 2. 85085x1 05. 

The  above  constraints  are  used  throughout  all  of  the  single-season  determin- 
istic mode  I s . 


3.2.2  Model  2:  Linear,  Multiple-Season,  Deterministic  Model 

In  the  previous  single-season  model  objective  function  (3),  the  only 
unknowns  were  the  X's,  the  number  of  herbivores.  Upon  adding  the  aspect  of 
seasonality,  though,  the  S j n 8 s , or  standing  crops,  are  also  unknown  after  the 
first  season  since  they  are  dependent  on  the  X's  of  the  previous  season. 
Thus,  the  multiple-season  objective  function  is  evaluated  in  terms  of  both 
s j n and  xjn  as: 
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min  f (S  j n ,Xj  n ) =mi n Z | =1 2^=1 (Aj n-zj =] nRg |n) 

min  2 § =i  Sn  =i  ( H Ug  n ( S g n+G  j n ) (1  -L  g n ) J =i  n^j  raD|  j n ) ) (4) 

X £eU  i + ! )N“f  ) 

for  i=1,  2,®a®S,  where  1=5 

for  | = 1,  where  J=4 

for  n=1 , 2,...N,  where  N=4 


The  variables  Sgn9s  represent  the  amount  of  biomass  remaining  from  the  pre- 
vious season  as  found  at  the  start  of  the  n^-1  season.  Thus,  they  represent  a 
state  variable®  Their  corresponding  state  equation  is: 

^i,n+1  j i rs  H ® | n )- 1 ^ /H  --|  (X|  RC|  nD'|  | n ) (5) 

for  n=1 , 2 , . . .N-1 


where  all 
exception 
expressed 
a b S e s , G j n , 


the  variables  representing  the  variable  S are  known  with  the 
of  the  variables  X ; 0 . Therefore,  the  state  equation  for  Sjn  can  be 
solely  in  terms  of  the  unknown  variables,  Xj  n , and  the  kno^yn  vari- 
Ljn»  G| n , D j j n , and  Tn  where: 


S g i is  known  for  a i I I 


for  n=1  , 2,... N-1,  where  N=4® 


There  are  several  ways  in  which  to  treat  the  variables  S-n  in  the  objective 
function  and  in  the  constraints®  One  way  is  to  treat  them  as  forced  decision 
variables®  in  this  case  the  objective  function  remains  as  (4),  which  is 
defined  by  a 31  dimensional  Euclidean  space,  and  is  constrained  by  a system  of 
state  biomass  equality  constraints  (5),  which  force  the  values  of  the  decision 
variables  Sgn.  Another  way  would  be  to  use  expression  (6)  as  a means  of  sub- 
stituting the  variables,  Sgn  for  n>1 , out  of  objective  function  (4)  and  aSS  of 
the  constraints®  As  such,  the  state  biomass  system  (5)  drops  out  of  the 
problem  completely  and  the  original  31  dimensional  objective  function  (4), 
becomes  a 16  dimensional  objective  function  in  the  form  of: 

min  f(X|n)  = min  E j =1E^=1  [HU j nS g 1nlj=i  (1-Lg  j ) 


+ HU  1 m^nrFl  ^ i mP  j =m ( * ”L-  S 1 ) ) 

“ ^i  n^m=1  j =1  ^jm^jm^i  jm)^  1 =m+1  0 -L  g | ) ) 

” TnS  j =i (Xj nCj nDg j n ) ] 

X€E(J  -N). 


(7) 
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The  latter  method  (7)  would  certainly  be  more  efficient  than  the  former 
(4)  with  respect  to  computer  (CPU)  time  and  the  needed  central  memory  space 
due  to  the  greatly  reduced  dimensionality  of  the  problem.  In  the  former  case, 
where  the  variables  Sjn  are  treated  as  forced  decision  variables  (4),  the 
problem  is  more  than  twice  as  large  with  respect  to  dimensionality  but  the 
computational  set  up  is  far  simpler.  Consequently,  the  former  method  was 
employed  to  evaluate  this  model.  The  method  of  substitution  is  later  employed 
in  Model  6,  where  Model  2 serves  as  a basis  of  verification,  in  part,  for  the 
internal  consistency  of  the  logic  employed  in  Model  6.  Recall  that  either 
method  is  a different  representation  of  an  algebraically  identical  problem. 

In  either  expression  of  the  objective  function  (4)  or  (7),  some  of  the 
constants  drop  out  when  expressing  the  function  in  the  standard  form  of  the 
L.P.P.  For  example,  the  objective  function,  upon  substitution,  in  the 
standard  form  is: 


The  objective  function  without  substitution,  was  used  for  model  analysis,  in 
standard  form  is: 


Thus,  neither  objective  function,  (8)  or  (9),  attempts  to  minimize  the 
sum  of  the  differences  between  the  available  herbage  and  the  grazed  forage  on 
a seasonal  basis,  as  in  the  original  conceptual  model.  Rather,  they  maximize 
the  forage  grazed  in  the  first  season  and  minimize  the  differences  between  a 
portion  of  the  available  herbage,  that  of  the  standing  crop  remaining  at 
season  n (for  n=2,  3,  4),  and  the  forage  grazed. 

The  principal  structural  difference  derived  by  the  incorporation  of 
seasonality  in  the  model  is  the  ability  of  the  model  to  regulate  the  size  of 
the  standing  crop  after  the  first  season.  For  example,  the  objective  function 
can  inhibit  grazing  in  the  early  seasons  allowing  the  standing  crop  to  build 
up  in  the  remaining  seasons.  This  can  only  occur,  of  course,  if  it  is 
beneficial  to  the  optimization  of  the  functional  objective.  This  is  clearly 
illustrated  by  the  examination  of  the  objective  function  in  the  form  of  (8). 

There  is  a third  simpler  alternative  to  the  two  considered  above  (Model 
2B).  The  first  two  versions  of  the  multiple-season  models,  namely  versions 
(8)  and  (9)  of  Model  2,  are  algebraically  equivalent.  Consider,  then,  Model 
2A  which  is  not  algebraically  equivalent  to  (8)  or  (9),  but  is  almost 
"numerically"  equivalent  to  (8)  or  (9)  (i.e.  differences  are  virtually 
insignificant),  and  which  is  structurally  equivalent  to  Model  1: 


(8) 


min  f ( 5 j n s X j n ) - min  [Z  J =i  (Z  ^=2  (U  j nS  j n ( 1 -L  j n ) 
" E n=i  i nE  ] =i  (Xj  nCj  nD  j j n ) ) ] 

XCE31  . 


(9) 
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max  f (X,  n)  = maxS  l^=1  (Tn  sj=1  (XjnCjn)) . (10) 

Since  the  objective  functions  of  both  Mode!  2B,  (8)  or  (9),  and  Model  2A, 
(10),  are  constrained  by  a system  of  over-grazing  constraints  such  that: 

Ajn  “ S{=1xjnRijn  1 0 for  aSS  i 

and  since  the  only  unknown  variables  in  Ajn  are  the  decision  variables 
Xjn,  Model  2A,  (10),  is  virtually  equivalent  to  Model  2B,  (8)  or  (9).  The 
similarity  between  the  two  models  can  best  be  illustrated  by  examination  of 
their  gradients,  where  the  gradient  of  Model  2 A is: 

Fa  = VF  (Xj  0 ) = [ —T  n C | n ] for  all  J and  n (11) 

and  the  gradient  of  Mode!  2B  is: 

lrB  ” Y/F ( X j 0 ) = [— TnC|  n(l  +ij  =i  (D 5 j n ^y=n+1  ( U j mn|  =n+1  ^ 1 i S ■’ ) ) ) 1 (12) 

for  al S 1 and  n. 

For  a derivation  of  the  gradient  of  Model  2B  the  reader  is  referred  to 
Appendix  V. 

The  two  gradients,  (11)  and  (12),  differ  by  only  a factor  of: 

£ j =1  j j n£m=n+1  C U i mil  | = n+1^”^-jl)))  (13) 

for  n=1 , . . .N-1 o 

All  of  the  variables  in  (13)  are  known  and  all  range  from  zero  to  one.  Thus, 
each  additional  term  in  the  summation  sequence  of  m to  n is  exponentially 
smaller  than  the  previous  one.  Therefore  the  effect  of  (13)  on  the  objective 
function  is  small  and,  although  it  could  result  In  a different  solution  value 
vector,  differences  in  the  amount  of  remaining  herbage  or  grazed  forage  on  a 
seasonal  basis  are  insignificant.  An  example  of  these  differences  are 
presented  later  in  this  chapter  In  section  7.1.2. 


3 . 2 • 2 . 1 Multiple-Season  Deterministic  Constraints 

The  multiple-season  constraints,  as  d©  the  single-season  constraints, 
consist  of  site  maintenance  constraints  and  over-grazing  constraints.  in 
addition  to  these,  the  aspect  of  seasonality  also  requires  a consideration  of 
the  population  dynamics  of  the  herbivores. 

There  are  many  possible  ways  in  which  changes  in  animal  numbers  can  be 

regulated.  The  simplest  scheme  would  be  to  either  not  allow  changes  or  to 
allow  any  degree  of  change  in  animal  numbers.  By  not  allowing  changes  there 
is  little  difference  between  it  and  the  single-season  model.  Sn  either  case, 
though,  the  population  dynamics  of  the  herbivores  are  ignored  altogether.  The 
next  step  in  the  resolution  of  logic  would  be  to  allow  only  positive  or 
negative  changes  in  animal  numbers,  over  seasons,  as  in  the  simplest  pure 
birth  and  death  processes.  The  latter  was  chosen  for  the  model  evaluation 
process  and  is  represented  by  the  system  of  "no  seasonal  increase"  constraints 
which  are: 


xj  n 1 x j , n+1 
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or  in  standard  form,  expressed  as: 

Xj,n+1  " Xjn  < 0 (14) 

for  j=1,  2,„..J  where  J =4 
for  n=1 , 2,...N-1  where  N=4. 

When  the  variable  Sjn  is  not  substituted  out  of  the  objective  function 
and  the  constraints,  as  is  the  case  in  the  evaluation  of  the  deterministic 
models,  then  it  is  also  necessary  to  include  the  "state  biomass  balance 
equations"  in  the  constraint  set.  The  state  biomass  balance  equations  simply 
ensure  that  all  of  the  herbage  left  over  after  grazing  at  the  end  of  one 
season  is  fully  present  at  the  start  of  the  next  grazing  season.  Hence,  the 
values  of  the  Sjn  decision  variables  are  forced  by  the  state  biomass  balance 
equations.  The  state  biomass  balance  equation  is: 

^i,n+1  ~ j i n ) ( ^ i n ' ~^n =1  ^ j n^  j n^i  j n 
for  i=1,  2,...!  where  1=5 

for  n=1 , 2,...N-1  where  N=4. 

In  the  standard  form  the  biomass  balance  equation  system  is  expressed  as: 
Sj,n+1  ~ S j n (1  -L  j n ) + 5 n / H - -j  X j pC  j pD  j j n - Gjn(1-Ljn) 

for  i =1 , 2,...l  where  1=5 

for  n=2,  3,...N-1  where  N=4  (15) 

Si2  + T1s{=iXj1Cj1Dij,  = ( S j t +G  j t ) ( 1 -L  j , ) 

for  i =1 , 2,  ...  I 
for  n=1 . 

The  system  of  over-grazing  constraints  and  the  site  maintenance 
constraints  are  the  same  as  in  the  single-season  models.  The  over-grazing 
constraints  in  standard  form  are: 

^n  =1  7vj  j nDi  j n”^  i n^  i n ^ i n ) £ j n^i  n ^ i n ) 

for  1=1,  2,... I 

for  n=2,  3, . . .N  (16) 

T1  sj=lxj  lcj  1Di  jl  £ HUn(Sn+Gn)(1-Ln) 
for  i =1 , 2 , ...  I 


for  n=1 . 
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A different  constraint  is  required  for  the  first  season  since  S j -j  are 
known  for  ail  i and  thus  it  is  not  desirable  to  incorporate  them  as  fixed 
decision  variables. 

The  site  maintenance  system  ensures  that  a specific  level  of  biomass,  M, 
in  kilograms,  remains  at  the  end  of  each  grazing  system.  Sn  standard  form  the 
multiple-season  site  maintenance  constraint  system  is: 

T„E j=lXj„Cjn  - HZ j=1 (S|n(1 -Lin) ) < HZ  j =1 (G,n(1-Lin))-M  (17) 

for  n=2,  3,...N  where  N=4 
T1Sj=lXjlCn  £ Hz:!=1(sj1+Gj1)(1-Lil)  - M 

for  n=1 . 

Thus,  all  of  the  multiple-season  deterministic  models  are  constrained  by  12  no 
seasonal  increase  constraints,  (14),  15  state  biomass  balance  equations,  (15), 
20  over-grazing  constraints,  (16),  and  4 site  maintenance  constraints,  (17). 
This  results  in  a total  of  51  constraints  and  31  decision  variables  (16 
herbivore  and  15  standing  crop  decision  variables). 

The  final  numerical  forms  of  Model  2 are  presented  for  both  the  Model  2A 
and  the  2B  versions  (which  differ  only  with  the  functional  objective)  are 
presented  in  Table  F2.  It  should  be  noted,  however,  that  upon  substitution  of 
the  S j n variable  out  of  the  model  that  none  of  the  constraints  or  the  objec- 
tive functions  resemble  the  standard  form  constraints  (14),  (15),  (16)  and 
(17)  nor  that  of  the  objective  function  of  model  2B , (7).  Nor  do  they 
resemble  the  numerical  values  of  Table  F2.  The  case  of  substitution  is 
closely  examined  later  In  the  discussion  of  Model  6 in  section  3.2.6  of  this 
chapter . 

The  aspect  of  weighting  in  the  objective  function  Is  considered  next. 


3.2.3  Model  3:  Linear,  Single-Season,  Weighted,  Deterministic  Model 

As  discussed  previously  in  Chapter  A,  there  are  many  ways  in  which  the 
objective  function  can  be  weighted.  Since  the  desired  effect  is  to  place  more 
emphasis  on  the  allocation  of  the  more  common  plant  groups  the  objective 
function  is  weighted  by  the  degree  of  availability  of  the  different  plant 
groups.  Sn  simple  shorthand  form,  the  objective  function  is  expressed  as: 

min  E |=i (A j -E  j =i Xj  R. . )Wj 
where  W|  = Aj/H  = U j (S g +Gj ) ( 1 -L j } 

X«E4. 

The  variable  H is  a constant,  and  thus  has  no  effect  on  determining 
differences  in  the  degrees  of  weighting  bewteen  the  various  plant  groups. 
Therefore,  H is  dropped  from  the  weighting  term. 
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Table  F2.  Numerical  form  of  the  linear,  multiple-season,  non-weighted,  deterministic  models  (Models  2A 
and  2B) , consisting  of  31  decision  variables  (X's  and  S's)  and  51  constraints  of  which  36  are 
inequalities  and  15  are  equality  constraints.  The  b's  represent,  in  standard  form  notation, 
the  r i gh t -hand-s i de  values  of  the  constraints. 


1 81 


AS!  the  variables  In  A and  W,  for  all  i,  are  known.  Thus  the  entire 
left-hand-side  of  the  objective  function  drops  out  in  the  standard  fonn? 

becoming” 


As  in  Model  1 , Model  3 in  standard  form  also  maximizes  the  degree  of 
grazing  as  an  L.P.P.  The  aspect  of  weighting  tends  to  exhibit  an  increased 
selection  for  the  herbivores  that  have  a greater  preference  for  those  plant 
groups  that  a r © available  in  greater  abundance*  If  this  alteration  in 
selection  of  herbivores  results  in  a different  select  ion  or  degree  in 
selection;,  with  respect  to  the  absence  of  weighting*  it  will  correspondingly 
result  in  a greater  utilization  of  the  more  abundant  plant  groups* 

The  objective  function  of  Model  3 in  numerical  form  is  expressed  as: 


and  is  subject  to  the  determi  n-i  st  I c single-season  constraints  formulated  so 
sect  ion  3*2*1 

Besides  the  aspects  of  seasonality  and  weighting*  there  is  the  quadratic 
case*  This  is  considered  next* 


3.2.4  Mode!  4:  Quadratic*  Single-Season  Nosi-Weighted*  Deterministic  Model 

Just  as  Model  3 may  be  compared  to  Model  1 for  the  effect  of  weighting* 
Model  4 may  be  compared  to  Model  1 for  the  effect  of  squaring  the  objective 
function.  The  effect  of  squaring  tends  to  smooth  out  the  differences  between 
the  available  herbage  and  the  grazed  forage  between  both  seasons  and  plant 
groups.  Since  it  attempts  t©  partition  the  value  of  the  objective  function 
throughout  as  evenly  as  possible*  it  also  gives  greater  emphasis  t©  the  more 
abundant  plant  groups*  as  in  weighting.  That  way  the  degree  of  remaining 
herbage  of  the  more  abundant  plant  groups  does  not  differ  much  from  that  of 
the  less  abundant  plant  groups.  Thus*  pr  ©por  t s ona  S 1 y more  herbage  must  be 
utilized  in  the  more  abundant  plant  groups*  relative  to  less  abundant  ones*  irs 
order  for  this  to  be  accomplished. 

Model  4*  a quadratic  programming  problem  can  be  expressed  most  simply  as: 


in  the  s i ng  S e-s  eas on  model*  it  is  not  necessary  to  substitute  out  the 
variables,  Sjn»  However,  if  the  aspect  of  seasonality  is  being  considered  it 
becomes  necessary  since  equality  constraints  are  not  permissible  in  the  Q.P.P* 
standard  form  model. 

in  expressing  the  objective  function  in  standard  form,  the  function  must 
be  decomposed  into  the  hessian  n x n matrix,  Q,  representing  the  quadratic 
terms  and  the  linear  terms  of  the  "c",  n x 1 vector*  the  method  for  which  was 
discussed  in  section  3.1.2. 


(18) 


(332, 210. 5272;  167*422.6846;  36*826.5426;  19*622.4779)X 


•I 
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The  first  order  partial  derivatives  of  the  objective  function, 
representing  the  gradient,  are: 

3f  =vf(X)  = -2Ts|=i(ArTEj=1(X,CjDI)).(CKD|K)) 


3XK 


for  K=1 , 2,...J  where  j -4. 


The  gradient  evaluated  at  zero,  representing  the  linear  terms  of  the 
standard  form  C vector,  is: 

V f (X) j 0 = -2THS ! =1 ( U , ( S , +G , ) ( 1 -L i > -CK- D i K ) (19) 

for  K=1 , where  j=4„ 

The  second  order  partial  derivatives  of  the  objective  function, 
representing  the  hessian  matrix,  Q,  are: 

32f  = Q(X)  = 2T2Xj=1{CLDiL.CKDiK)  (20) 

OXl^k 

for  L,  K = 1,  2,...J  where  J =4. 

Hence,  the  hessian,  Q,  is  a positive  definite  symmetric  matrix,  with  the 
diagonal  terms  representing  the  second  order  terms  and  the  off-diagonal  terms 
each  representing  one-half  of  the  value  of  the  first  order  product  terms  (1/2 
value  in  the  Sower  diagonal  + 1/2  value  in  the  upper  diagonal  = total  full 
value). 

The  constraint  set  is  equivalent  to  the  one  incorporated  in  Models  1 and 
3.  The  Q.P.P.  in  final  numerical  form  is  derived  by  an  M matrix,  (m  + n)  x (m 
+ n),  consisting  of  the  hessian,  Q,  and  the  standard  form  A,  m x n matrix  of 
the  constraints,  and  the  q,  n vector,  made  up  of  the  linear  standard  form  c 
vector  and  standard  form  b vector  of  the  constraints  as  follows: 


Q - AT 

c 

A 0 

-b 

~ — 

M Mat r i x q vector . 

Thus,  a Q.P.P.  algorithm  requires  the  numerical  values  of  the  model  to  be 
supplied  in  the  form  of  the  above  M matrix  and  q vector.  The  numerical  values 
of  the  M matrix  and  q vector  are  given  in  Table  F3. 

This  concludes  the  discussion  of  the  numerical  form  of  the  true  standard 
form  models;  those  models  presented  in  matrix  form.  A summary  of  these  models 
is  given  in  Table  F4.  The  two  following  groups,  Models  5 and  6,  are  set  up 
for  solution  by  a N.L.P.P.  algorithm.  Thus,  the  models  are  supplied  in  the 
form  of  a FORTRAN  subroutine.  The  numerical  expressions  used  for  the 
evaluation  of  Models  5 and  6 will  be  discussed  next.  In  Section  4,  the  actual 
coding  is  presented. 


183 


Table  F3»  Numerical  form  of  the  quadratic,  single-season  non-we i ghted , 
deterministic  models  Q,  A,  and  M matrices,  and  the  c,  b,  and 
q vectors  of  the  standard  form  Q.P.P, 


Q.  matrix  (A  symmetric  matrix,  however  only  the  lower  diagonal  is  shown 
he  re) 


4,979,747.065 
2,455,726.06 
508,768. 8092 
299,827.9637 


1 ,^22,707.974 
356,030.9669 
211 ,457.5953 


115,945.5576 

56,979.385 


47,822. 16537 


A mat  ri  x 


-2  ,208.25 
-1,457.445 
“596.2275 
-22.0825 
-88. 33 
-44. 165 


“1,595.05 
-622.0695 
-494.  L65 5 
-11 1.6535 
-175.4555 

-mi  rn 6 


-485.45 

-111.6535 

-131.0715 

-19.418 

-72.8175 

-150.4895 


-276.305 
-52.49795 
-107.75895 
-11.0522 
-96.70675 
- 8 . 2 89  1 5__ 


C vector 

-6.6641  x 109 
-3-3485  x 1 o| 
-7.3653  x 10° 
-3.9245  x 108 


-b  vector 

“7.37335  x 106" 
1.989  x 10b 
6.762  x 105_ 
1.9575  x 10£ 
1,4904  x 10b 
2.68065  x 105„ 


a 


c 


A 


M ma  t r i x 


q vector 


JO i (u!n-l)(u!^lJ!s)u!nH 
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Table  F4 . Summary  of  deterministic  model  formulations  and  deterministic  constraints.  The  general  formula  for  the  objective 
functions  is  in  conceptual  form.  The  constraints  are  in  standard  form. 
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3.2.5  ModeS  5:  The  S i rtg  1 e-Season  , Stochastic  Models 

Model  5 actually  refers  to  a group  of  models  which  are  the  stochastic 
versions  of  the  deterministic  Models  1,  3,  and  4.  Model  5A,  the  linear* 
non-weighted  model,  Mode!  5B,  the  linear,  weighted  model,  and  Mode!  5C , the 
quadratic,  non-weighted  model,  may  be  directly  compared  to  the  deterministic, 
standard  form  models;  models  1,  3 and  4 respectively. 

Stochastieity,  as  used  herein,  refers  to  the  use  of  chance-constraints 
(Charnes  and  Cooper  1959,  1962,  1963;  Kirby  1970).  The  variables  G and  C 
throughout,  and  S only  at  n=1  are  considered  to  be  normally  distributed,  as 
discussed  previously  in  section  2.  By  the  use  of  chance  constraints  one  can  _a 
priori  set  a confidence  level  on  the  probability  that  the  constraints,  a. 
poster  ior  i , will  be  satisfied.  The  objective  function,  however,  remains  the 
same  as  in  the  deterministic  model.  For  example,  Mode!  5A  is  made  up  of  a 
linear,  single-season,  objective  function  and  is  constrained  by  quadratic 
constraints.  As  such,  it  requires  an  N.l.P.P.  algorithm  to  solve  Model  5A. 

The  objective  function  of  ModeS  5A  is: 

MAX  Te|  =1 X j C j . (21) 

The  function  (21)  is  identical  to  that  of  ModeS  1,  which  was  derived  above® 

As  in  the  deterministic  version  of  ModeS  5,  the  equivalent  of  Model  1, 
the  model  is  subject  to  over-grazing  and  site  maintenance  constraints. 
However,  in  Model  5,  the  randomness  of  the  variables  S,  G,  and  C is  considered 
through  the  application  of  chance  constraints.  Thus,  the  site  maintenance 
constraints  of  Model  1,  in  its  chance  constraint  form,  may  be  expressed  as: 

sj=1(TXjC,+kc((TXj)2-VAR[Cil)1/2) 

< (22) 
£ | =1  (H(Si+Gj)(1-L|)-ks((H(1-Lj))2.VAR[S| j)1/2 
- kg((H(1-Li))2=VAR[Gi])1/2)  -M 

1 constraint 

where  VAR  refers  to  the  variance  operator  and  kc,  fc§  and  kg  are  standard 
normal  deviates  which  represent  the  fractiSe  of  probability  that  the  con- 
straint will  be  ji  posteriori  satisfied  on  the  rangeland.  (See  Append i x V) . 

The  chance-constraint  form  of  the  deterministic  over-grazing  constraints 
of  Model  I is  expressed  as: 

E j=1TXjcjDi j+Kc( (TXjDj j)2.VAR[Cj])1/2) 


< 


(23) 
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HUj  (Si+Gi)(1-Li)-ks((HU|(l-Lj))2VAR[Sj  ])V2 

- kg((HUj(l-Li))2.VAR[Gi])'!/2 

for  i=1,  2,... I where  1=5. 

Thus,  Mode!  5 is  constrained  by  a total  of  6 chance-constraints,  consisting  of 
1 site  maintenance  and  5 over-grazing  constraints.  The  level  of  confidence 
ensuring  that  the  constraints  are  satisfied  is  limited  by  the  degree  of 
variance  in  the  random  variables  S,  G,  and  C.  The  upper  bound  on  the  degree 
of  confidence  is  established  just  before  the  point  in  which  the  right-hand 
side  of  any  chance  constraint  becomes  negative.  These  right-hand  side  values 
must  be  determined  a_  pr  i or  i to  the  computer  runs  of  the  model  by  a separate 
program  or  through  hand  calculations,  since  they  are  supplied  as  an  upper  or 
lower  bound  in  the  case  of  an  inequality  constraint,  and  a constant  in  the 
case  of  an  equality  constraint.  The  models  were  evaluated  up  to  and  including 
the  99%  level  of  satisficing  the  constraints.  The  right-hand  side  values  were 
determined  by  a computer  program,  discussed  in  section  4. 

in  Models  5B  and  5C  it  is  not  necessary  to  code  the  objective  functions 
in  the  exact  standard  form  used  in  Models  3 and  4,  respectively,  i.e.,  where 
only  the  variables  that  effect  the  gradient  of  the  objective  function  are 
allowed  to  remain.  The  original  conceptual  forms  can  be  supplied  instead 
since  the  N.L.P.P.  algorithm  approximates  the  gradient  of  the  coded  objective 
function  and  since  the  internal  logical  consistency  of  the  gradient  so  derived 
by  the  N.L.P.P.  has  been  validated  through  an  evaluation  of  the  deterministic 
standard  form  models.  As  a cross-check  verification  of  the  actual  structure 
of  the  program,  the  stochastic  model  may  be  run  with  all  of  the  fractile 
levels  set  to  zero,  yielding  the  deterministic  solution  values. 

The  objective  function  used  in  Model  5B , the  linear,  weighted  model,  is: 
min  f ( X j ) = min  TeJ  =1j;|  =1  (XjCjD,  , ) (HU,  (S, -K5,  ) (1 -L, ) ) (24) 

and  the  objective  function  of  Model  5C,  the  quadratic,  non-weighted  model,  is: 

min  f(Xj)  = mi  n X J =1  [ (HU,  ( S , +G  j ) ( 1 -L  , ) -TX  j ( X,C  ] Dj  j ) ) 2 

• HU  j ( S , +G  j ) ( 1 -L  j ) ] . (25) 

Model  5A  represents  the  simplest  forage  allocation  model  in  the  form  of  a 
deterministic  equivalent  of  a stochastic  model,  through  the  use  of  chance 
constraints.  Models  5B  and  5C  represent  increasing  degree  of  complexity,  yet 
it  is  not  until  the  aspect  of  seasonality  is  considered  that  the  models  become 
very  complex.  The  Model  6 series  which  represents  the  multiple-season 
stochastic  models,  are  discussed  next. 


3.2.6  Model  6:  The  Multiple-Season,  Stochas tj c Mode  I s 

Model  6 refers  to  a group  of  models  similar  to  Model  5.  Model  6A,  the 
linear,  multiple-season  model,  is  the  stochastic  version  of  the  deterministic 
Model  2.  Model  6B,  the  quadratic,  non-weighted  model,  and  Model  6C,  the 
non-linear,  weighted  model,  are  stochastic  models  without  a deterministic 
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standard  form  mode!  counterpart.  Model  6B  can  be  evaluated  by  a Q.P.P. 
algorithm  for  deterministic  solutions.  However,  Model  6C  can  not  since  it  is 

non-i inear. 

In  the  Model  6 group,  the  variables  G and  C are  considered  to  be  normally 

distributed  as  in  the  single-season  models.  The  variable  S,  however,  is 
considered  to  be  normally  distributed  in  the  first  season  only  (n=1). 
Therefor®,  the  variable  S , for  n-2 , 3 , . . .N , can  be  treated  as  a forced 
decision  variable,  as  in  Model  2,  or  it  can  be  substituted  out  of  the 
o b | active  function  and  constraints  by  using  expression  (6).  However, 
optimization  theory  does  not  allow  for  the  consideration  of  distributed 
decision  variables  and  since,  after  the  first  season,  S is  defined  as  the 
product  and  sum  of  the  other  random  variables  (S  in  the  first  season,  G and  C 
subsequently),  it  Is  itself  defined  as  a random  variable.  Therefore  it  must 
be  substituted  out  of  the  objective  functions  and  the  system  of  constraints. 
The  state  biomass  equation  system  drops  out  completely  leaving  the  no-seasonal 
increase  constraints,  which  are  unchanged  from  the  deterministic 
multiple-season  model,  the  over-grazing  constraints,  and  the  site  maintenance 
constra  i nts . 

The  objective  functions  of  Model  6 can  be  expressed  as: 

min  f(Xjk)  “min  E-  =i£  p=i  ( ( Aj  n-  sj  =i  Xj  nRj  j n )ExP-Wg  n ) (26) 

where 

A i n “ ^ i n ^ i n i n M 1 "L  j n 

^ i j n ~ ^n^jn^ijn 

Wjn  1 : Model  6A,  6B 

Ajn  : Mode  I 6C 

Exp  = 1 : Model  6A 

2 : Model  6B,  6C. 

The  differences  in  the  models  (26)  are  in  the  weighting  function,  W^n,  and  the 
exponent,  Exp.  As  discussed  in  section  3.2.5,  since  the  N.L.P.P.  approximates 
the  value  of  the  gradient  through  the  use  of  a numerical  analysis  technique 
(forward  differencing),  the  superfluous  parts  of  the  conceptual  objective 
function,  with  respect  to  the  standard  form,  (26),  need  not  be  removed. 
Taking  advantage  of  this,  the  objective  function  is  left  In  its  far  simpler 
conceptual  form,  with  the  necessary  exception  of  substituting  out  the  variable 
S for  n > 1,  so  as  to  avoid  the  chance  of  dealing  with  errors.  The  actual 
substitution  of  S is  accomplished  by  a FORTRAN  FUNCTION  5.  This  allows  the 
objective  function  to  be  coded  in  the  form  of  (26),  with  calls  to  the  FORTRAN 
function  for  s u b s t i t u t i n g in  the  value  of  S.  This  latter,  for  example, 
yields  the  algebraic  equivalent  of  the  standard  form  (6),  in  the  case  of  Model 
6A« 


The  s I t enma 1 nt emanee  constraint  system,  consisting  of  4 constraints,  in 
the  multiple-season,  chance-constraint  form  is  expressed  as: 
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z!=isj=1 GRAZED, jn  < ;;j=1  AVAILABLE  |n  - M„ 

<=  = => 

Z i=1  ( £m=i  ( 'm^  ] =1  ( X j mG  j rrP i jm)^  I =m+1  0 ~L , j ) ) 

+ E^lE{=1(kc((TmximDijmn1=m+1(1-L,,))2.VAR[Cjm])1/2)) 

> (27) 

e!=1  (HSi-,n7=1  (1_L,  | ) + H^G^^O-Li,) 

- ks ( (Hnt =1 (1 -Lt | ) )2-VAR[S  j 1 ] )! /2 

- Em=l(kg<(Hni=m(1-Lil))2-VAR!Gim])1/2)) 

- % 

for  n=1  , 2 , . . . N , where  N=4. 

Note  that  with  respect  to  notation,  in  the  above  equation  (27),  that: 

£m=1Xmnj=m+lY!  <=>  ^m=l\in7=m+1  Yi +Xn  * 

The  over-grazing  constraint  system,  consisting  of  20  constraints,  in  the 
multiple-season  chance-constraint  form  is  expressed  as: 

zj=1 GRAZED j jn  < AVAILABLE in 
Trtzj=1  n('j  n12!  j n 

+ ^*i  nZm=1  (2m^j  "1  jm)  E j =m+1  ( 7 — L | | ) ) 

+ 2j=1kc((T„XJnDi|n)2.VAR[Cjn])1/2 

+ Zl^l7]=l(kc((TmXjmDijnlUinn7=m+1(1-Li|))2.VAR  [C^])1/2) 

< (28) 
Huinsi1n|=1  ( 1 “L j | ) * HUinZ^TtGimn^d-Li,)) 

- ks((HUinn'|=;1(1-Li!))2.VAR[Si1])1/2 

- ^=l(kg((HUjnnf=nl(1-Li,))2.VARlGim))1/2) 

for  i=1,2,...l,  where  1=5 
for  n=1 , 2,...N,  where  N=4. 


Thus,  the  objective  function  (26)  is  subject  to  24  chance  constraints 
consisting  of  20  over-grazing  constraints  (28)  and  4 site  maintenance 
constraints  (27).  In  the  chance-constraints,  the  K values  k§,  kg  and  kc, 
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refer  to  standard  normal  deviates  selected  from  a statistical  n2n  table  at  the 
appropriate  level  of  confidence  for  satisfying  the  constraints.  In  addition* 
it  is  constrained  by  12  no-seasona!  increase  constraints,  which  are  equivalent 
to  those  of  Model  2 (14).  Also,  Sower  bounds  are  placed  on  the  decision 
variables  so  that  they  may  not  become  negative.  Although  upper  bounds  were 
not  placed  on  the  decision  variables  in  the  evaluation  of  the  models,  they  may 
be  easily  imposed,  as  can  non-zero  Sower  bounds,  for  the  purposes  of  a 
management  scenario,  for  one  or  aSS  of  the  herbivore  species.  A summary  of 
the  stochastic  model  formulation  is  given  in  Table  F5 . 

As  in  Model  5,  the  right-hand  side  values  of  the  constraints  were 
determined,  _a  priori,  by  a computer  program.  Model  6 was  evaluated  at  7 
different  levels  of  confidence,  up  to  and  including  the  95%  probability  level 
of  satisficing  the  constraints.  The  99%  level,  used  in  Model  5,  was  too  high 
for  Mode!  6,  due  to  the  increased  c omp  lexity  of  the  variance  structure  in  the 
mu  I tiple-season  chance -constraints. 


4.  USER  SUPPLIED  COMPUTER  CODES 

The  Non-Linear  Programming  Problem  (N.L.P.P.)  class  of  algorithms 
sometimes  require  the  user  to  supply  a FORTRAN  subroutine  which  evaluates  the 
constraints  and  objective  functions  for  any  given  set  of  decision  variables. 
For  our  study,  a FORTRAN  program  was  written  and  implemented  to  supply  the 
necessary  data  values  for  the  operation  of  the  N.L.P.P®  algorithm  we  used. 
The  data  values  represent,  for  the  most  part,  the  right-hand  side  values  of 
the  constraints  and  the  tolerance  specifications  to  be  used  by  the  algorithm. 

All  of  the  Model  5 and  Model  6 series  utilize  the  same  right-hand  side 
values  for  each  respective  fractile  of  the  chance- constraints  and  each 
respective  model  series.  Our  user  supplied  subroutine,  GCQMP , used  for 
evaluating  the  constraints  and  objective  function  is  the  same  throughout  the 
respective  model  series  except  for  the  obvious  exception  of  the  objective 
functions. 

Examples  of  subroutine  GCQMP  for  single-season  models,  using  Model  5A1  ' s 
version  and  for  the  multiple-season  models,  and  using  Model  6A1  ! $ version,  are 
given  in  Appendix  V.  Sm  addition,  the  program  for  evaluating  the 
right -hand-side  values  for  both  the  single-season  series,  RHS5  and  the 
multiple-season  series,  RHS6,  are  given,  in  the  Appendix  V. 

In  addition  to  using  the  computer  program  GRG  to  evaluate  the  stochastic 
models,  GRG  served  a needed  purpose  in  evaluating  the  other  models  as  well 
through  its  ability  to  easily  incorporate  the  additional  output  functions 
which  eliminated  the  need  for  additional  computations  for  model  analysis.  A 
description  of  these  functions  is  given  in  Table  F6. 
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Summary  of  stochastic  model  formulations  and  chance  constraints.  The  Rcncral  formula  for  the  objective  function 
is  in  conceptual  form.  The  chance-constraints  are  in  standard  form.  S Is  substituted  out  of  the  chance- 
constraints,  as  discussed  later. 
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Table  F6.  Output  functions  incorporated  in  the  GRG  user-supplied  subroutine 

GCOMP  to  facilitate  evaluation  of  the  proposed  single  season  models. 


Output  code 


Descr i pt : on 


WSG% 

pe  r*cen  tage 

of 

the 

ava i 1 ab 

le  herbage 

that 

are  warm-season 

g rasses 

CSG% 

pe  rcentage 

of 

t he 

ava i 1 ab 

le  herbage 

that 

are  cool -season 

grasses 

VISF% 

De  rcentage 

of 

the 

ava i 1 ab 

le  herbage 

that 

are  warm-season 

forbs 

CSF| 

pe  rcentage 

of 

the 

ava i 1 ab 1 e he  rbage 

that 

are  cool-season 

forbs 

SHRB% 

pe  rcentage 

of 

the 

ava liable  he  rbage 

that 

are  shrubs 

T.  AVAIL 

total  avai 

labie  herbage  in  kg 

DIET  WSG 

pe  rcentage 

of 

the 

grazed 

fo  rage 

that 

a re 

warm-season 

grasses 

DIET  CSG 

pe  rcentage 

of 

the 

g razed 

fo  rage 

that 

a re 

cool -season 

grasses 

DIET  WSF 

pe  rcentage 

of 

the 

grazed 

fo  rage 

that 

a re 

warm-season 

forbs 

DIET  CSF 

percentage 

of 

the 

g razed 

forage 

that 

are 

cool -season 

forbs 

DIET  SHR 

pe  rcentage 

of 

the 

g razed 

forage 

that 

are 

sh  rubs 

T GRAZED 

total  grazed  forage  in  kg 

CAT  GRZ% 

the  percentage 

of 

g razed 

fo  rage 

ut  i 1 

i zed 

by  cattle 

BIS  GRZ% 

the  percentage 

of 

grazed 

forage 

ut  i 1 i zed 

by  bison 

SHF  GRZ% 

the  percentage 

of 

grazed 

forage 

ut  i 1 

i zed 

by  sheep 

ANT  BRZ% 

the  percentage 

of 

g razed 

fo  rage 

ut  i 1 

i zed 

by  pronghorn 

ante  1 ope 

TOT.  AUE 


total  allocation  of  objective  function  in  animal  unit  equivalents 


5.  INFORMATION  REQUIREMENTS 


In  this  section  we  discuss  the  kinds  of  information  required  in 
optimization  mode!  formulation  and  a comment  is  made  on  the  quantity  and 
quality  of  such  data. 

The  optimization  framework  we  have  presented  allows  for  specifying  the 
minimum  and  the  maximum  number  of  animals  of  each  species  (if  such  bounds  are 
to  be  considered  in  each  area).  Required  information  is  the  hectares  or  acres 
in  the  grazing  area.  Furthermore,  the  days  or  amount  of  time  in  each  of  the 
periods  of  the  year  must  be  specified.  These  factors  are  relatively  well 
known  by  the  resource  manager  for  any  particular  area.  In  fact,  specification 
of  the  maximum  number  of  animals  is  somewhat  superfluous  because  constraints 
on  forage  use  usually  prescribe  the  maximum.  The  minimum  number  of  animals, 
in  some  cases,  may  be  constrained  by  policy  rather  than  by  biology.  For 
example,  there  are  implicit  requirements  to  maintain  herds  of  feral  horses  in 
some  regions  of  the  country.  These  may  or  may  not  be  maintained  at  a 
"biological  optsmumi",. 

The  amount  of  land  area  generally  is  well  known  in  total  hectares  or  acres 
but  the  amount  available  for  grazing  may  be  less  well  known.  It  may  be 
possible  simply  to  reduce  the  number  of  hectares  or  acres  in  any  given  area  to 
show  the  actual  area  used  by  domestic  or  wild  animals.  In  some  instances  wild 
animals  move  over  large  areas  and  long  distances  from  season  to  season.  Thus, 
their  numbers  may  be  constrained  in  the  models  by  a low  maximum  for  a 
particular  season  for  a particular  area  or  else  the  actual  acreage  may  be 
subscripted  so  that  it  is  applied  differently  for  different  animal  species. 

It  is  important  to  know  the  amount  of  available  herbage.  This,  as  has 
been  noted,  is  a function  of  the  initial  standing  crop,  the  growth  during  a 
given  period,  the  loss  during  a given  period,  and  the  grazing  regime.  It  has 
been  assumed  that  (given  the  allowable  use  constraints  for  each  plant  species 
or  group  have  been  met)  the  plant  growth  will  not  be  influenced  by  grazing. 
Furthermore,  a long-term  average  plant  growth  for  a given  area  has  been 
assumed.  This  is  open  to  question.  It  is  known  that  growth  varies  widely 
from  year  to  year  due  to  climatic  variations.  This  can,  in  part,  be  accounted 
for  in  the  stochastic  approach  where  growth  is  known  but  with  uncertainty. 
However,  one  still  needs  to  understand  the  changes  in  species  composition  from 
year  to  year  and  more  field  data  need  to  be  summarized  and  analyzed.  In  such 
analyses  one  needs  to  know  the  correlations  of  individual  plant  species  or 
groups  (one  to  another)  in  their  yield  relationship  as  climate  fluctuates. 
This  requires  the  use  of  long-term  data  from  specific  sites  of  plant  species 
or  plant  group  composition  rather  than  simply  total  herbage  yield.  Therefore, 
an  administrative  study  or  researchable  problem  is  to  compile  and  organize  and 
analyze  such  information  from  extant  reports  and  files.  Resource  management 
agencies  should  also  be  encouraged  to  set  up  at  selected  places  long-term 
measurement  studies  to  accumulate  such  information.  A one-time  forage 
inventory  does  not  provide  that  information.  it  simply  provides  the  amount  of 
herbage  standing  at  the  time  of  the  inventory  and  reflects  the  current  (or  at 
most,  a few  years  preceding  it)  the  climatic  conditions  and  grazing  management 
present.  Even  then,  there  needs  to  be  a valid  method  of  adjusting  or 
correcting  a given  year's  forage  production  to  the  long-term  climatic  mean. 
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Less  is  known  about  the  loss  rates  of  vegetation  production  than  is  known 
about  the  accumulation  rates.  If  an  area  is  not  grazed  one  does  not  know  well 
the  degree  and  timing  during  which  vegetation  is  lost.  Losses  are  due  to 
shattering  and  weathering  if  grazing  animals  are  not  present  and  due  to  forage 
consumption  and  to  trampling  in  addition  if  they  are  present. 

Each  of  the  above  questions  needs  to  be  answered  individually  to  provide 
more  valid  information  for  optimal  forage  allocation  models.  Resource 
management  agencies  need  to  fund  work  to  summarize,  synthesize,  and  evaluate 
such  information  for  decision-making  purposes. 

Forage  growth  rate  and  loss  rate  information  are  required.  Again,  there 
is  a relatively  large  body  of  information  on  how  to  calculate  growth  of 
grazingland  plants  but  less  on  how  to  calculate  loss. 

A major  vegetation  loss  comes  through  forage  consumption.  At  least,  this 
is  a factor  that  can  be  controlled  by  man.  In  detailed  work,  however,  one 
finds  that  only  a relatively  small  part  of  the  total  vegetation  that 
disappears  in  a given  year  is  taken  by  the  grazing  herbivore  as  actual  forage 
consumption.  Some  of  the  old  "rui  es-of-thumb"  suggest  that  50%  "utilization" 
is  a proper  level.  This  is  expressed  in  the  adage  "take  half  and  leave  half 
and  the  half  left  becomes  larger."  Studies  on  the  shortgrass  prairie  where 
detailed  measurements  were  made  of  production  and  consumption  show,  however, 
that  even  under  heavy  grazing,  only  25%  of  the  forage  produced  would  be  taken 
as  forage  consumption.  The  rest  is  lost  in  trampling,  natural  weathering,  or 
is  carried  over  to  the  next  year  as  standing  dead. 

The  models  presented  herein  incorporate  the  concept  of  "allowable  use" 
factors.  Generally,  these  vary  from  30  to  50%.  However,  in  light  of  recent 
detailed  studies  (noted  above  such  that  25%  seems  to  be  an  upper  limit  of 
grazing)  then  the  utilization  figures  drawn  from  the  literature  and  used  in 
the  models  represent  total  disappearance  not  actual  consumption.  Still,  there 
needs  to  be  a thorough  search  of  available  scientific  information  to  determine 
what  are  the  allowable  use  factors  for  different  plant  species  or  groups  and 
how  do  they  vary  from  year  to  year  subject  to  different  climatic  conditions. 

The  amount  of  forage  actually  consumed  by  grazing  animals  is  known 
relatively  well.  Such  information  has  been  summarized  by  Chapter  C.  The 
importance,  however,  is  that  resource  management  agencies  may  be  using  figures 
far  in  excess  of  the  actual  forage  intake  as  a forage  consumption  figure;  they 
probably  are  including  some  of  the  trampling  or  wastage  loss  that  takes  place 
in  the  grazing  process.  Generally,  most  large  herbivores  on  our  western 
rangelands  consume  in  the  order  of  2.5%  of  their  body  weight  per  day  in  oven 
dry  forage  (Van  Dyne  et  al.  1980).  Thus,  a 454  kg  cow  (1  000  Sbs.)  consumes 
about  11  kg  oven  dry  herbage  per  day  (about  25  lb.).  This  would  appear  to  be 
a maximum  under  range  grazing  conditions  based  on  the  data  from  scientific 
studies.  This  results  in  a maximum  of  about  340  kg  (or  750  lb.)  per  animal 
unit  per  month.  Any  figures  higher  than  this  definitely  include  more  than 
actual  consumption  and  include  some  trampling  losses.  Again,  however,  we  have 
not  summarized  nor  are  we  aware  of  any  detailed  review  and  analysis  of 
available  data  on  trampling  losses. 
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The  key  problem  regarding  data  and  information  in  the  optimization 
modelling  framework  is  knowing  the  dietary  botanical  composition  on  any  given 
range  area  in  any  given  season  by  a particular  herbivore  species.  There  is  a 
lack  of  good  understanding  of  the  mechanism  for  diet  selection  or  large 
herbivores  (Van  Dyne  e_t_  aj_.  1 980).  This  is  an  important  research  and 
information  need.  For  optimization  modelling  analyses  the  dietary  preference 
concept  has  been  used.  This  is  treated  in  Chapter  E.  Diet  preference 
information  can  be  obtained  from  research  studies  but  they  represent  only 
selected  points  in  time  and  space.  Resource  management  agencies  may  include 
collection  of  feca!  material  in  field  surveys  for  subsequent  microscopic 
analysis  to  determine  botanical  composition.  However,  there  are  many  problems 
in  converting  information  f rom  mi  croscop i c analysis  of  fecal  samples  to  diet 
composition  and,  hence,  to  diet  preference.  It  has  been  shown  how  proper  use 
factors  can  be  used  to  estimate  diet  composition  if  one  knows  the  range 
herbage  composition.  However,  proper  use  factors  have  been  compiled  and  used 
for  many  years  without  adequate  scientific  justification  of  the  values  used. 
This  emphasizes  the  need  for  further  research  and  information  on  botanical 
composition  of  the  diets  of  large  herbivores  on  western  g r a z i n g I a n d s . 
Methodological  studies  are  needed  along  with  the  accumulation  of  a larger  body 
of  knowledge  of  not  only  dietary  botanical  composition  but  also  at  the  same 
time  range  herbage  composition. 

Lacking  such  information  one  may  calculate  a rough  estimate  of  dietary 
botanical  composition  from  known  range  herbage  composition  and  proper  use 
factor  (PUF)  values.  This  approach  is  described  in  Chapter  B. 

There  are  two  provisos  that  should  be  considered  when  calculating  dietary 
botanical  composition  from  range  composition  and  proper  use  factors.  The 
first  is  that  the  rangeland  under  consideration  be  managed  properly.  If  the 
land  is  being  mismanaged  the  PUF  values  do  not  apply  and  the  calculations  are 
meaningless.  The  second  proviso  is  the  understanding  that  the  efficient  use 
of  a range  may  require  that  highly  palatable  plants,  present  sometimes  in 
small  percentages,  be  overused  in  order  that  the  more  abundant  but  less 
palatable  species  be  used  up  to  the  PUF  value  assigned  to  them.  Furthermore, 
the  method  assumes  the  composition  of  the  range  and  the  proper  use  factors  are 
known  without  error. 


6.  MULTI -SPECIES— MULTI -SEASON  DATA  SET  FOR  FORAGE 
ALLOCATION  MODEL  COMPARISONS 


For  comparison  of  the  above  models  a common  data  set  was  utilized.  It  is 
based  on  studies  on  the  shortgrass  prairie  with  four  large  herbivore  species 
specifically  cattle,  bison,  sheep  and  pronghorn  antelope  (Kaute  and  Van  Dyne 
1978).  The  animal  species  were  assumed  to  be  yearling  animals.  Seasons  of 
the  year  were  assumed  to  be  spring,  summer,  fall,  and  winter.  Plants  groups 
in  the  diet  were  warm-season  grasses,  cool-season  grasses  and  grasslike, 
warm-season  forbs,  cool-season  forbs,  and  shrubs. 

The  definition  of  the  appropriate  values,  according  to  the  order  of  terms 
listed  in  the  Appendix  V,  for  the  case-study  are  given  next. 


6 . 1 Estimates  of  Mean  Values. 

Values  are  given  here  for  U,  S,  G,  and  L corresponding  to  the  plant  data; 
C for  the  animal  data;  and  D for  the  plant-animal  data.  Also  given  are  the 
parameters  H and  T,  and  all  indices  as  well. 

The  initial  available  herbage  on  the  range  for  five  plant  groups  is  as 
foil ows : 

i  Sji  kg  ha-1 

1 50 

2 5 

3 5 

4 5 

5 15. 

These  values  assume  heavy  use  prior  to  the  first  determination.  The  values 
for  the  first  season  are  for  spring.  Approximately  one-third  of  the  material 
is  carried  over  and  thus  two-thirds  grazed  during  the  winter. 

The  model  structure  also  requires  the  kilograms  of  forage  required  per 
animal  per  day  by  animal  species  and  the  season  of  the  year.  These  values  are 
given  in  Table  F7 . 

The  values  are  based  on  the  estimated  weights  of  the  animals  in  each 
season,  given  in  kilograms  of  live  body  weight.  To  these  are  applied 
percentages  of  forage  intake  expected  at  that  season  to  derive  the  kilograms 
of  forage  required  per  animal  per  day.  Growth  rates  of  the  animals  are 
assumed  to  be  more-or-less  steady  throughout  the  year.  Thus,  cattle  gain  from 
180  to  340  kg  from  spring  through  the  following  winter,  bison  from  165  to  320 
kg,  sheep  from  37.5  to  75  kg,  and  pronghorn  from  26.25  to  45  kg. 

Forage  consumption,  given  as  a percent  of  body  weight,  varies  from  a low 
of  1.53%  for  bison  during  the  winter  months  to  a high  of  2.64%  for  sheep  and 
cattle  during  the  summer  months.  The  general  assumption  is  that  winter  values 
for  forage  intake  are  about  20%  below  the  mean  and  surrmer  values  20%  above  the 
mean.  Spring  and  fall  values  are  assumed  to  fall  on  the  mean.  The  overall 
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Table  F7.  Base  data  for  examining  the  proposed  forage  allocation  models: 

Consumption  rates  per  animal  per  day  by  animal  species  and  season 
of  the  year. 


Cjk 

Season 


Animal 

Species 

wt 

n=1 

Spring 

% 

kg 

wt 

n=2 

Sumner 

% 

kg 

wt 

n=3 
Fa  1 1 

% 

kg 

wt 

n=4 

Winter 

% 

kg 

Cattle 

1 80 

2.2 

3.96 

233 

2.64 

6.15 

287 

2.2 

6.31 

340 

1 .98 

6.73 

Bison 

165 

1 .7 

2.81 

216 

2.04 

4.41 

269 

1 .7 

4.57 

320 

1.53 

4.90 

Sheep 

38 

2.2 

0.84 

50 

2.64 

1.32 

62 

2.2 

1 .36 

75 

1.98 

1 .49 

Pronghorn 

26 

2.1 

0.55 

32 

2.52 

0.81 

32 

2.1 

0.67 

45 

1 ,89 

0.85 
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mean  values,  yearlong,  of  2.2,  1.7,  2.2,  and  2.1%  are  based  on  the  information 
in  Chapter  C. 


Four  seasons  of  the  year,  T , with  variable  duration  are  utilized.  These 
are  as  follows: 


1 = 15  Apr.  -15  June 

2 15  June-15  Sept. 

3 15  Sept.  - 1 Dec. 

4 1 Dec.  - 15  Apr. 


Spr  i ng 
Summer 
FaS  S 
Winter 


60 

90  days 
75 
140 


During  the  spring  interval  there  is  major  cool-season  plant  growth. 
During  the  summer  interval  there  is  major  warm-season  plant  growth.  The  fall 
interval  is  characterized  by  extant  mature  plant  material.  The  winter  period 
is  characterized  by  mature  plant  material  which  has  been  leached  and 
weathered.  Note  that  the  seasonal  intervals  are  of  unequal  length. 

Dietary  composition  and  preference  Indices  were  assumed  to  be  equivalent 
to  each  other.  The  values  are  based  on  data  of  Kautz  and  Van  Dyne  (1978) 
given  in  Table  F 8 . 

It  is  assumed  that  non-reproduct  i ve  animals  are  used  throughout.  For 
example,  they  start  as  yearling  animals  and  do  not  reproduce  during  the 
interval  of  the  optimization  analysis.  The  maximum  number  of  animals  is  set 
to  be  unbounded  in  these  initial  runs. 

For  multiple-season  runs,  plant  growth  is  required.  Estimates  are 
derived  from  field  data  from  shortgrass  prairie  grazingland  studies  (Van  Dyne 
unpublished).  The  values  are  given  in  Table  F9.  Note  the  warm-season  grasses 
grow  both  In  the  spring  and  summer  but  with  major  growth  in  the  summer. 
CooS-season  grasses  grow  in  the  spring  with  only  minor  growth  in  the  summer 
and  fall.  Warm-season  forbs  grow  both  in  spring  and  summer  but  with  major 
growth  in  the  summer.  CooS-season  forbs  grow  primarily  in  the  spring  with 
minor  growth  In  the  summer  and  fall.  Shrub  growth  occurs  in  the  spring, 
summer,  and  fall  but  with  major  growth  in  the  summer.  No  plant  category  shows 
any  appreciable  growth  during  the  winter  Interval. 

Sn  formulating  our  optimization  problem  we  assumed  an  area  (H)  of  10,000 
hectares  (24,700  acres). 

The  index  for  plant  growth,  for  plant  groups  «,  is  from  1 through  5 (I) 
respectively  as  follows:  warm- sea  son  grasses,  cool-season  grasses, 
warm-season  forbs,  cooS-season  forbs,  and  shrubs.  The  category  cool-season 
grasses  includes  grasslike  plants  such  as  the  dryland  sedges. 

The  index  for  herbivores,  j,  is  from  1 through  4 (J)  and  represents 
cattle,  bison,  sheep,  and  pronghorn  antelope,  respectively. 

The  index  for  seasons,  n,  goes  from  1 through  4 (N)  and  represents 
spring,  summer,  fall,  and  winter.  But  the  periods  are  of  unequal  length. 
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Table  F8.  Base  data  for  examining  the  proposed  forage  allocation  models: 
Dietary  botanical  composition,  in  proportions,  are  used  as 
preference  indices. 


Plant 

Group 

Her b i vor e 

Dijk  in 

proport i on 

Seasonal 

Period  ( n ) 

m 

(j) 

Spr  i ng 

Summe  r 

Fa  1 1 

Winter 

Warm- 

Bison 

.60 

.63 

.67 

.69 

season 

grasses 

Cattle 

.34 

.36 

.46 

.38 

Sheep 

.25 

.21 

.33 

.19 

P ronghor n 

.03 

.14 

.26 

.26 

Coo  I - 

Bison 

.27 

.27 

.27 

.27 

season 

grasses 

Cattle 

.18 

.26 

.30 

.40 

Sheep 

.14 

.22 

.26 

.36 

P ronghor  n 

.18 

.26 

.44 

.53 

Warm- 

Bison 

.04 

.02 

.01 

.00 

season 
f or  bs 

Cattle 

.17 

.1  3 

.03 

.01 

Sheep 

.12 

.08 

.01 

.00 

Pronghorn 

.04 

.04 

.04 

.04 

Coo  1 - 

Bison 

.09 

.07 

.03 

.01 

season 
f or  bs 

Cattle 

.28 

.1  8 

.06 

.02 

Sheep 

.37 

.27 

.06 

.02 

Pronghorn 

.75 

.55 

.22 

.12 

Shrubs 

Bison 

.0 

.01 

.02 

.03 

Cattle 

.03 

.07 

.15 

.19 

Sheep 

.12 

.22 

.34 

.43 

Pronghorn 

.00 

.01 

.04 

.05 
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Table  F9.  Base  data  for  examining  the  proposed  forage  allocation  models: 

Plant  growth  in  kilograms  per  hectare  for  five  plant  groups  over 
four  grazing  seasons. 


Plant 

Group 

Gjk  in  kg/ha 
Spring 

per  season 
Summe  r 

Fa  1 1 

Winter 

Warm-season 

grasses 

240 

360 

0 

0 

Coo  1 -s  eas  on 

grasses 

200 

20 

20 

0 

Warm- seas  on 

f or  b s 

20 

50 

0 

0 

Coo  1 -s  eas  on 

for  bs 

45 

5 

5 

0 

Shrubs 

30 

60 

10 

0 
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During  each  season  there  is  some  loss  of  forage,  whether  or  not  it  is 
grazed.  This  applies  both  to  the  carryover  vegetation  from  the  preceding 
season  as  well  as  the  growth  during  the  current  season.  Averaged  over  all 
forage  plants  there  is  about  5%  loss  in  the  spring,  10%  in  the  summer,  50%  in 
the  fall,  and  a greater  amount  (approaching  70%)  in  the  winter.  The  values  by 
individual  plant  group  and  season  are  given  in  Table  F10.  Not  all  the  herbage 
can  be  grazed  in  any  given  season.  There  is  an  allowable  use  factor  which 
varies  between  plant  groups  and  seasons.  For  simplicity,  this  use  factor 
applies  to  both  the  standing  crop  and  the  growth  during  the  season  involved. 
These  values  are  given  in  Table  F11.  In  general,  these  assigned  use  factors 
represent  the  fact  that  plants  can  be  grazed  more  heavily  during  the  fall  and 
winter  period  when  they  are  not  growing  than  during  the  spring  and  summer  when 
they  are  growing. 


6. 2 Estimates  of  Variances. 

The  mean  values  of  all  variables  and  parameters  are  not  known  with 
certainty.  Thus  we  derive  variances  for  key  items.  The  logic  behind  the 
derivation  procedure  follows. 

Van  Dyne  (1965)  reported  on  variances  of  forage  intake  for  individual 
sheep  and  cattle  under  grazingland  conditions  of  abundant  or  limited  feed 
supply.  His  standard  deviations  are  about  19%  of  the  mean  forage  intake  for 
cattle  and  29%  of  the  mean  for  sheep.  The  standard  deviations  for  sheep  were 
higher  with  smaller  or  larger  amounts  of  forage  available  than  was  the  case 
for  medium  amounts.  In  contrast,  for  cattle  the  standard  deviations  were 
smaller  for  larger  amounts  of  forage  available  but  higher  for  smaller  amounts 
of  forage  avilable.  Using  these  standard  deviations  as  guides,  we  have 
estimated  the  coefficients  of  variation  of  forage  intake  to  be  12%  early  in 
the  season  for  both  cattle  and  bison,  18%  in  summer  and  fall,  and  21%  in 
winter.  For  sheep  and  pronghorn  antelope  we  used  coefficients  of  variation  of 
30%  in  the  spring  and  winter  but  24%  in  summer  and  fall.  We  applied  these 
coefficients  of  variation  to  our  mean  values  to  calculate  our  standard 
deviations  and  hence,  the  variances. 

Numerous  workers  have  indicated  that  the  variability  of  herbage  growth 
from  year  to  year  is  large  on  gr  az  i n g I ands  . We  assume  that  the  usual 
conditions  are  bracketed  by  50%  variability  from  the  mean,  i.e.,  the  drier 
years  have  50%  less  herbage  production  than  the  normal  years  and  the  normal 
years  may  only  be  50%  of  the  producction  of  the  wet  years  (Pendleton  and  Van 
Dyne  1980).  Thus,  with  a normal  value  of  1000  kg  ha“^ , the  dry  years  would 
have  500  kg  ha””*  and  the  wet  years  2000  kg  ha”^ . This  of  course,  means  there 
is  not  a normal  distribution  (statistically)  of  herbage  biomass  but  one  that 
is  skewed  to  the  right.  However,  for  purposes  of  the  present  model  we  assume 
normality  of  distribution  and  assume  that  the  usual  dry  and  wet  years  are 
bracketed  within  2 standard  deviations  of  the  mean.  Thus,  on  the  average,  the 
standard  deviation  is  25%  of  the  mean.  However,  the  variability  differs  from 
plant  group  to  plant  group.  It  is  most  stable  (i.e.,  lowest)  for  shrubs,  next 
most  stable  for  grasses,  and  least  stable  for  forbs.  Also,  it  differs  from 
season  to  season  according  to  the  expected  variability  in  precipitation  and 
temperature  conditions.  Thus,  it  is  most  stable  for  spring,  next  most  stable 
for  summer,  and  least  stable  for  fall.  No  growth  occurs  in  the  winter  in  the 
versions  of  the  model  we  have  developed.  There  is  more  variability  in  the 
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Table  FI  0 . Base  data  for  examining  proposed  forage  allocation  models: 

Proportion  of  the  standing  crop  lost  during  the  grazing  season. 


Plant  Group 

L i k in 
Spr i ng 

proport  ion 
Summe  r 

Fa  1 ! 

Winter 

Warm-season  grasses 

0.10 

0.05 

0.10 

0.7 

Cool-season  grasses 

0.05 

0.10 

0.50 

0.7 

Warm-season  forbs 

0.10 

0.05 

0.60 

0.7 

Cool-season  forbs 

0.10 

0.20 

0.60 

0.7 

Shrubs 

0.05 

0.05 

0.20 

0.7 
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Table  FIT.  Base  data  for  examining  the  proposed  forage  allocation  models 
Allowable  use  of  the  standing  crop,  in  proportions. 


Plant  Group 

uik  in 
Spr  i ng 

proport  ion 
Sumner 

Fa  1 1 

Winter 

Warm-season  grasses 

0,3 

0.1 

0.5 

0.7 

CooS-season  grasses 

0.1 

0.3 

0.5 

0.7 

Warm-season  forbs 

0.3 

0.1 

0.5 

0.7 

Cool-season  forbs 

0.1 

0.3 

0.5 

0.7 

Shrubs 

0.1 

0.1 

0.3 

0.7 
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production  of  the  warm-season  plants  than  there  is  in  the  cool-season  plants. 
Thus,  overall,  by  individual  plant  group  or  by  season,  the  minimum  variability 
is  a coefficient  of  variation  of  5%  and  the  maximum  is  a coefficient  of 
variation  of  45%.  A summary  of  the  variances  of  the  database  is  given  in 
Table  F12. 


6 . 3 Conversion  to  Single-Season  Values 


Values  for  the  various  parameters  used  in  the  models  were  estimated  on  a 
seasonal  basis.  Thus,  an  annual  estimate  of  the  parameters,  based  on  the 
seasonal  estimates,  was  needed  for  the  s i n g 1 e -s e a s on  or  annual  models.  A 
simple  arithmetic  mean  over  all  seasons,  however,  can  not  be  biased  on  the 
side  of  the  longer  season  as  it  should  be.  Therefore,  it  is  desirable  that 
such  an  estimate  account  for  unequal  length  in  seasons.  This  was  done  by 
weighting  the  arithmetic  means  by  the  number  of  days  in  each  season  (Tn).  The 
general  formula  used  for  calculating  the  weighted  means  is: 

PARAMann  = z"=lVARAMn 


365 

where  PARAMann  is  the  weighted  mean  estimate,  for  the  annual  model,  PARAMn  is 
the  original  multiple  season  estimate  and  Tn  is  the  number  of  days  in  each 
season  which  sums  to  365. 

Variances  for  the  single-season  models  can  be  derived  in  the  same  way 
since  coefficients  of  variation  were  originally  estimated,  rather  than  being 
the  actual  variances  of  the  parameters.  After  calculating  weighted  annual 
means  for  the  coefficients  of  variation,  in  the  way  outlined  above,  the 
variances  can  be  easily  derived. 

The  variables  U,  L,  C,  and  D were  all  recalculated  in  this  fashion  for 
the  single-season  model.  The  initial  standing  crop,  S,  of  the  multiple  season 
model  was  used  directly  as  the  standing  crop  for  the  single-season  model.  The 
growth  of  the  standing  crop,  G,  was  summed  over  all  the  seasons  for  each  plant 
group  for  its  value  in  the  single-season  modeal.  Lastly,  the  variablele  M^, 
reflecting  the  desired  herbage  in  kilograms  to  be  left  of  the  range  at  the 
last  season,  through  the  site  maintenance  constraints,  was  used  for  the 
single-season  data  value.  The  single  season  database  is  given  in  Table  F13. 
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Table 


Var[ G. 

i 


Var[C 


FI  2 . 


Variances  of  random  variables  entering  into  formulation  of  the 
model  6 group  and  the  values  used  in  the  annual  model  5 group. 
Tne  variance  values  for  S in  the  first  season  of  the  multiple- 
season  models  are  the  same  as  for  S used  in  the  annual  models. 


Va r [S . 1 ] = {6.25,  0.0625,  0.25,  0.25  9.0} 


] = 

k = 

l 

2 

3 

4 

Annua  1 

I 

= 1 

576.00 

2916.00 

0.00 

0.00 

6084. 

2 

100.00 

4.00 

36.00 

0.00 

697. 

3 

25.00 

306.00 

0.00 

0.00 

216. 

4 

81.00 

2.25 

4.00 

0.00 

160. 

5 

2.25 

36.00 

9.00 

0.00 

121. 

] = 

k = 

1 

2 

3 

4 

Annual 

j 

= 1 

0.2258 

1.2250 

1.29 

1.997 

1.058 

2 

0.1137 

0.6301 

0.6767 

1.059 

.5519 

3 

0.0635 

0.1004 

0. 1065 

0. 1998 

. 1290 

4 

0.0273 

0.03779 

0.02586 

0.06503 

.0418 
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Table  FI  3-  Base  data  for  examining  the  proposed  single-season  forage 
allocation  models. 


Plant  Data: 

S 

G 

U 

L 

kg- 

ha"  1 

nroport i on 

Warm-season  grasses 

50. 

600. 

.45 

.32 

Cool-season  grasses 

5. 

240. 

. 46 

.40 

Warm-season  forbs 

5. 

70. 

.45 

.42 

Cool-season  forbs 

5. 

55. 

.46 

.46 

Sh  rubs 

15. 

100. 

.37 

.33 

Animal  Data: 

C kg  an 

-’day'1 

Catt  1 e 
Bi  son 
Sheep 

Pronghorn  Antelope 

6.05 

4.37 

1.33 

.757 

Plant-Animal  Data: 

D (a  proportion  of 

C) 

Cat  1 1 e 

B i son 

Sheep 

P ronghorn 

Warm-season  grasses 

. 66 

.30 

.23 

. 19 

Cool-season  grasses 

r-. 

04 

• 

.31 

.27 

•39 

Warm-season  forbs 

.01 

.07 

.04 

.04 

Cool-season  forbs 

.04 

. 1 1 

.15 

.35 

Sh  rubs 

.02 

. 12 

.31 

.03 

Constants 
T = 365 


H = 10,000 


7.  RESULTS  OF  MODEL  RUNS  ON  A COMMON  DATA  SET 


The  six  mode!  series  representing  a total  of  14  models  were  implemented, 
as  discussed  in  section  3,  using  the  common  data  set  described  in  section  5. 
These  various  mode!  runs  enabled  an  evaluation  of  the  influence  of  linearity 
versus  non-linearity,  single  versus  multiple  seasons,  weighting  of  the 
objective  function  versus  non -weighting,  and  the  differences  between  a 
stochastic  versus  a deterministic  approach.  In  all  of  the  models,  the  animal 
species  considered  are  bison,  cattle,  sheep  and  pronghorn  antelope.  In  the 
multiple-season  models,  the  seasons  represent  spring,  summer,  fall,  and 
winter. 


7 . 1 Biological  and  Management  Implications 

The  results  of  these  models  are  next  considered  in  terms  of  their 
biological  and  management  implications.  These  implications  are  discussed 
through  an  evaluation  of  the  differences  in  the  three  major  characteristics  of 
the  model  results.  These  are  (i)  the  solution  vector  values,  representing 
animal  numbers,  (ii)  the  binding  constraints  which  determine  the  optimal 
solution  vector  and  ensure,  within  the  level  of  confidence  of  the  data,  that 
the  grazing  system  is  not  unsafely  exploited,  and  (iii)  the  range  harbage 
utilization  which  represents  the  carrying  capacity  of  the  system  for  a 
particular  combination  of  herbivores.  The  most  important  characteristic  to 
both  the  range  manager  and  to  the  biology  of  the  grazing  system  is  (iii),  that 
of  determining  the  carrying  capacity,  since  there  is  no  global  optimal 
solution  value  vector.  What  is  imperative,  though,  is  that  the  long-term 
grazing  regime  does  not  sacrifice  the  stability  of  the  ecosystem  by  either 
lowering  the  primary  productivity  of  the  system  or  its  carrying  capacity,  or 
by  causing  a change  in  herbage  species  composition.  A change  in  the  latter 
would  result  in  a subsequent  change  in  the  former. 

Each  of  the  principal  characteristics  of  the  model  results  is  discussed 
next  in  turn,  starting  with  the  solution  value  vectors.  The  overall 
implications  of  these  models  to  rangeland  management  is  discussed  again  in  the 
conclusions  (section  8)  with  emphasis  on  the  interpretation  of  sub-optimal 

solution  value  vectors  as  well. 


7.1.1  Predictions  of  Optimal  Animal  Stocking. 

The  results  of  the  model  runs  are  summarized  in  Table  F14.  Recall,  the 
characteristics  of  each  model  are  identified  in  Table  FI.  Where  s tochas t i c i ty 
was  used  varying  levels  of  confidence  were  used  including  0 (which  represents 
a deterministic  framework  or  0%  confidence),  and  levels  of  20,  40,  60,  80,  90, 
95,  and  99%  confidence.  In  all  the  models,  the  optimal  solution  consists  of 
either  sheep  and  cattle  together  or  cattle  alone. 

For  the  single-season  models  (1A,  IB,  3,  5A1 , 5A2 , 5B,  and  5C ) the 
dominant  grazing  animal  in  the  solution  vector  was  cattle.  In  one  instance 
sheep  were  also  assigned  forage.  Maximum  numbers  of  cattle  on  a yearlong  or 
single-season  basis  numbered  1134. 
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In  those  models  with  multiple  seasons  (2A,  2B,  6A1 , 6A2,  6B,  and  6C) , the 
same  number  of  herbivores  were  included  in  the  analysis  as  in  models  with  a 
single  season.  Thus,  in  models  2A  and  6A1 , cattle  and  sheep  were  included  and 
in  models  2A1 , 2B,  6B,  and  6C  cattle  were  the  only  herbivores  in  the  optimal 
solution.  The  percent  grazing  loads  carried  by  the  cattle  and  sheep  are  shown 
in  Table  F15.  Cattle  always  carried  more  than  90%  of  the  grazing  load  in  the 
multiple-season  models. 

By  examining  the  characteristics  of  the  models  in  Table  FI  it  can  be  seen 
that  a comparison  of  the  impact  of  single  versus  multiple  season  can  be 
obtained  from  the  output  of  models  1 versus  2 and  5 versus  6.  In  comparing 
models  1 and  2 it  is  shown  that  with  multiple  seasons,  sheep  accounted  for 
less  of  the  grazing  load. 


However,  in  the  single-season  models  1A,  IB,  5A1 , and  5A2,  solution 
vectors  of  cattle  and  sheep  were  equivalent  to  those  of  cattle  alone  in  terms 
of  total  forage  grazed,  total  herbage  remaining  (Table  F16),  and  the  number  of 
animal  unit  equivalents  (Table  F15).  This  is  a characteristic  of  the  data  set 
used  for  model  evaluation  which  gave  rise  to  two  vertices  mapping  into  the 
same  point  in  the  objective  function  (although  formed  by  different  active 
constra  I nt  lines). 


7.1.2  Prediction  of  Forage  Used  or  Remaining 

In  the  multiple  season  models  2A,  2B , 6A1  , and  6A2,  the  vertices 
representing  cattle  and  sheep  and  cattle  alone  mapped  into  virtually  the  same 
objective  function  value  as  in  the  single-season  models.  Objective  functions 
that  were  formulated  to  maximize  the  grazed  forage  (2A  and  6A1 ) resulted  in  a 
slight  increase  in  total  utilization  of  forage,  26.9  versus  26.83  metric  tons, 
as  compared  to  a minimization  of  the  remaining  herbage  as  used  in  objective 
functions  of  models  2B  and  6A2.  As  would  be  expected,  there  was  slightly  less 
herbage  remaining  (Table  F16).  Summing  the  remaining  herbage  over  all  seasons 
resulted  in  values  of  42.47  and  42.71  metric  tons  when  the  remaining  herbage 
was  minimized  and  the  forage  grazed  was  maximized,  respectively.  However, 
both  objective  functions  resulted  in  equivalent  numbers  of  weighted  (by  season 
length)  animal  unit  equivalent  means  of  711.  Thus,  the  degree  of  allocation 
is  essentially  the  same  between  the  two  objective  functions  although  the 
vertices  chosen,  representing  different  binding  constraints,  resulted  in 
different  animal  combinations. 

In  the  constrained  optimization  programming  problem,  the  optimal  solution 
value  vector  always  lies  at  the  intersection  of  at  least  two  constraints, 
which  form  a vertex  in  the  feasible  solution  space.  In  the  non-linear  problem 
the  optimal  solution  value  need  not  necessarily  lie  on  such  a vertex  but  must 
at  least  lie  on  a constraint  vector,  (if  the  constraints  are  not  superfluous 
to  the  problem),  representing  a boundary  of  the  feasible  solution  space  of  the 
programming  problem.  Thus,  in  all  cases  a constraint  vector  or  vectors 
forming  a vertex  will  determine  the  optimal  solution.  These  constraint 
vectors  are  referred  to  as  the  binding  or  limiting  constraints  since  they 
limit  any  subsequent  improvements  in  the  optimal  solution  unless  they  are 
r e I axed. 


Table  F15«  Solution  values  in  percentage  of  the  grazing  load  allocated  and  the  number  of  animal  unit  equivalents, 
based  on  a weighted  seasonal  mean,  of  the  various  models  for  consideration  of  forage  allocation  to  four 


209 


o c 
o o 
>■  — 


ro  m vT>  O a'  - ' w m ( 

CO  — * O ^ ‘ u\  • - i 

o o c ca<o«.v-  o ctaoaoas 


o O ^ vr  CO  r-  rv  o .V) 

r' — ~ — i ■ n n n ^ O v j iN 

w a'  cc  n n c o >.o  ^ r-'  o vo 


CO  CA  iy\  c~\  ^ rA  ca  r"\  r*-',  , 

irw\  cn  fN  cn  n m o n rv  i 

vO  vO  O UA  UA  i-A  -X  U)  (N  rv  in  so  ia  t 


OA  •—  UA  CMACO  fAOO  o - CO  rv  o f'  sO  — roi — o ca  ca  vO 

CO  OA  -X  CO  C O CTA  '-30v£'-3‘0f^v-c  - u.'  sO  C O ^ -C 

o vO  so  LA  UA  -T  -X  -X  rv.  vO  VC  O vO  UA  UA  f^vO  sO  O O UA  LA 


OOOOOOO  OOOOOOO 


OO  OOOOOOO 


OOOOOOO  OOOOOOO 


OOOOOOO  OOOOOOO 


OOOOOOO  OOOOOOO 


o O O O O O O OOOOOOO 


-r  o o i_a  « 


-T  O M UMA  - C 

A-  fv^  o uA  -X  CA  (VJ 


CA  (vj  sn  in  — O 
• \£)  O iA-J  cA  csj 


OOOOOOO 


o o O o o o , 


OOOOOOO 


O OOOOOOO 


OOOOOOO  OOOOOOO 


OOOOOOO  OOOOOOO 


OOOOOOO  OOOOOOO 


OOOOOOO  OOOOOOO 


CO  OOOOOOO 


v£>  O I LA  rv-  OA  O 

OOOOOOO 

Cv;  ca  pa  UA  vx;  CO  OOOOOOO 
CA  CA  CTA  OA  0A  CTA  OA 


vo  o h-  ua  rv.  as  o 

O O O O O O «A 

cv:  pa  fA  _x  la  vO  CO  OOOOOOO 
CA  CA  OA  OA  CA  OA  CA  - — •“ 


VIA  - CO  UAOO  OA  o 


• O OOOOOOO 
rjO  O O O O O O V' 


■J  O O O 000/ 


(M  -I  VU  u)  stA  OA 


«.*a  : o o o o o u>  i»  o o o o o i- a 

CA  O .V,  V.>  »•.'  CA  S'A  O ,v|  -X  o A*  CA  OA 


U (SJ  (VI  (N  <N  fN  ( 
— ua  «t  v£  v;  < < . 
< “ UA  UA  UA  UA  UA  v 

UA  CA  - 


a cd  co  n 


I - 


CO  to  • *t  *4 


210 


Table  F16. 


The  aval lable  herbage  and  grazed  forage  by  functional  groups,  their  totals  and  the  difference  between 
their  totals  (metric  tons)  for  the  optimal  combination  of  herbivores  of  the  various  models  for  consid- 
eration of  forage  allocation  to  four  animal  species.  Entries  with  a * represent  mean  that  the  function- 
al group  was  limiting  to  the  solution  vector. 


AVAILABLE  HERB  ACE  ANO  CUA7FI)  TORACE 


Avoi  1 nb  It!  W.  S.  G 
% 

Grazed  W.S. 

7. 

C. 

Aval  lable  C 

S.C. 

Mode  1 

Const  mints  typo 

Year- 

long 

spring 

s umne  r 

fal  1 

winter 

Ycar- 
1 on  g 

spring 

s urnnic  r 

fnl  1 

winter 

Year- 

long 

r p r i n g 

S unrv  r 

fal  1 

winter 

1A,  5A1 

Oct. 

60.6 

58.6 

20.5* 

13.  3.  A,  5A2, 

Dct. 

60.6 

66.0 

20.5* 

5B,  5C 

5A1,  5A2,  5S,  5C 

202 

60.6 

58.6 

20.5* 

5AI , 5A2,  58.  5C 

602 

60.6 

66.0 

20.5' 

5AI . 5A2,  5B,  5C 

602 

60.6 

66.0 

20.5* 

5^1.  5A2.  53,  5C 

SO  2 

60.6 

66.0 

20.5* 

5A1,  5A2.  53,  5C 

902 

60.6 

66.0 

20.5* 

5A! , 5A2,  5B,  5C 

952 

60.6 

66 . 0 

20.5* 

SA1  , 5A2,  53,  3C 

99'. 

60.6 

66.0 

20.5 

2A,  6A1 

Det. 

69.1 

60.8* 

72.0 

69.0 

57.  A 

59.9 

64.5 

69.0 

17.2 

39-6 

15.0 

11.5- 

6AI 

202 

69.1 

60.7* 

72.0 

68.9 

57.6 

60.0 

66.6 

69.0 

17.2 

•’.0 . 0 

1 5 . 0 

11.5' 

6A1 

60% 

69.1 

60.7* 

72.0 

68.8 

57.8 

60.3 

66.8 

69.0 

17.2 

50.0 

15.0 

1 * . 6 •• 

6ai 

602 

69.1 

60.7* 

72.0 

68.8 

58.1 

60.7 

65.1 

69.0 

17.2 

39.6 

1 . 0 

; \ m 

6A1 

802 

69.1 

60.7* 

71.9 

68.7 

58.5 

61.2 

65.5 

69.0 

17.2 

39.6 

\U.  1 

1 1.5* 

6A1 

90-5 

6 9. 1 

60.7* 

71.9 

68.6 

58.9 

61.7 

65.9 

69.0 

17.2 

39.6 

1 j.  1 

12.1* 

6A1 

952 

69. 1 

60.7* 

7K9 

68.6 

59.3 

62.2 

66. 3 

69.0 

17.2 

39.6 

1*4.  1 

12.2* 

23 , 6A2,  68,  6C 

Det. 

69.1 

60 . 7* 

71.2 

68.1 

60.0 

63.0 

67.0 

69.0 

17.2 

39.5 

13.9 

11.5* 

6 A2  , 63  , 6C 

20„ 

69.  l 

60.7* 

71.2 

68.2 

60.0 

63.0 

67.0 

69.0 

17.2 

39.5 

15.0 

1 i , 6 * 

6A2 , 6B.  6C 

602 

69.1 

60.7* 

71.7 

68.2 

60.0 

63.0 

67.0 

69.0 

17.2 

39.5 

15.0 

11.7* 

6A2  , 68  , 6C 

602 

69.  1 

60.7* 

71.7 

68.3 

60.0 

63.0 

67-0 

69.0 

17.2 

39.3 

15.0 

1 1 . $* 

6A2  , o3  , oC 

802 

69. 1 

60.7* 

71.8 

68.  3 

60.0 

63.0 

67.0 

69.0 

17.2 

39.5 

15.  1 

12.0* 

6A2,  65,  6C 

90  2 

69.  i 

60.7* 

71.6 

68.6 

60.0 

63.0 

67.0 

69.0 

17.2 

39.5 

1^.  1 

12. 1 •• 

6A2  , 68,  6C 

952 

69. 1 

60 . 7* 

71.8 

68.6 

60.0 

63.O 

67.0 

69.0 

17.2 

3°. 6 

14.  1 

12.2- 

Table  F16.  (Continued). 


Crazed 


C.S.C. 


Aval lable  W. S . F. 

% 


Crazed  W.S.E. 


Model 

Constraints  type 

Year- 

long 

spring 

s umme  r 

fall 

winter 

Year- 

long 

spring 

summe  r 

fall 

winte  r 

Year- 

long 

spring 

S umne  r 

fal  1 

1A,  5A1 

Det. 

27.0 

5.9 

1.5 

IB,  3,  5,  5A2, 

Pet . 

27.0 

5.9 

1.0 

5B,  5C 

5A1,  5A2,  55.  5C 

20:'; 

27.0 

5.9 

1.0 

5A1,  5 A2 , 5B,  5C 

50* 

27.0 

5.9 

1.0 

5A1,  5 A2 , 55,  5C 

603 

27.0 

5.9 

1.0 

5A1,  5A2,  5B,  5C 

80% 

27.0 

5.9 

1.0 

5A1,  5A2.  5B.  5C 

902 

27.0 

5.9 

1.0 

5A1,  5A2,  58,  5C 

952 

27.0 

5.9 

1.0 

5A1,  5A2,  5B,  5C 

992 

27.0 

5.9 

1.0 

2 A,  6A1 

Det. 

26.0 

26.6 

26.9 

27.0 

6.0 

6.8 

1 

6.3 

6.6 

2.5 

1.0 

6 A 1 

202 

26.  1 

26.7 

26.9 

27.0 

6.0 

6.8 

6.0 

6.2 

6.6 

2.6 

1.0 

6A1 

502 

26.2 

26.7 

26.9 

27.0 

6.0 

6.8 

6.0 

6.2 

6.5 

2.6 

1.0 

6A) 

603 

26.3 

26.7 

26.9 

27-0 

6.0 

6.8 

6.0 

6.2 

6.6 

2.3 

1.0 

6AI 

802 

26.6 

26.8 

27.0 

27.0 

6.0 

6.8 

6.0 

*4.  1 

6.  3 

2.3 

1.3 

6A1 

902 

26.6 

26.8 

27.0 

27.0 

6.0 

6.8 

6.0 

6. 1 

6.2 

2.2 

1.0 

6A1 

952 

26.7 

26.9 

27.0 

27.0 

6.0 

6.8 

5.0 

6.1 

*4.2 

2.  1 

1.0 

28,  6A2,  63.  6C 

Det. 

27-0 

27.0 

27.0 

27.0 

6.0 

6.9 

4.  1 

6.  3 

6.0 

2.0 

1.0 

6A2  , 68  , 6C 

202 

27.0 

27.0 

27.0 

27.0 

6.0 

6.9 

5.  1 

6.2 

6.0 

2.0 

1.0 

6A2 , 68,  6C 

' 602 

27.0 

27.0 

27.0 

27.0 

6.0 

6.8 

6.  1 

6.2 

6.0 

2.0 

1.0 

6A2,  68,  6C 

602 

27.0 

27.0 

27.0 

2 7.0 

6.0 

6.8 

6.1 

6.2 

6.0 

2.0 

l.C 

6A2 , 6B,  6C 

802 

27.0 

27.0 

27.0 

27.0 

6.0 

6.8 

6.0 

6.  1 

6.0 

2.0 

1.0 

6A2 , 68,  6C 

902 

27.0 

27.0 

27.0 

27.0 

6.0 

6.8 

6.0 

6.  1 

6.0 

2.0 

1.0 

6A2,  68,  6C 

952 

27.0 

27.0 

27.0 

27.0 

6.0 

6.8 

6.0 

6.  1 

6.0 

2.0 

1.0 

winter 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 
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Table  F16.  (Continued). 


Avoi 1 ab 1c  C.  S . F. 
% 


Graced  C.S.6. 


Aval  1 al-  ic  snrues 


Mode  1 

Constraints  type 

Year- 
1 ong 

Spri  ng 

s umne  r 

all 

winter 

Ycar- 
1 ong 

spring 

s umne  r 

fa  1 1 

winter 

Yo  nr- 

lon  C1 

*pri 

:ic  sui’rvr 

f a 1 1 

winter 

1 A , 5 A 1 

Da  l . 

A . 5 

6.0 

8.6 

'B.  3.  A . 5A2 

Del 

A. 5 

A.O 

8.6 

5B,  5C 

5Al . 5A2.  55. 

5C 

205. 

A. 5 

A.O 

8.6 

5A1 , 5A2.  5B. 

5C 

AO : 

6.5 

A.O 

8.6 

5A1 . 5A2,  5? , 

5C 

60- 

A. 5 

A.O 

8.6 

5A1,  5A2,  5B, 

5C 

Soi 

A. 5 

A.O 

8.6 

S A 1 , 5A2  , 53, 

5C 

90t 

A. 5 

A.O 

8.6 

5A1  , 5 A2  . 53, 

5C 

95i 

A.  5 

4.3 

8.6 

5A1  , 5A2 , 53 , 

5C 

99i 

A.  5* 

A.O 

8.6 

2 A , 6 A ) 

Det . 

A . 0 * 

7.8 

2.1 

1.8 

n.i 

8.5 

3.2 

1.0 

3.S 

7.3 

Q 

13.6 

6m  1 

201 

A.  0* 

7.9 

2.1 

1.8 

10.9 

8. 4 

3.2 

1.0 

3.3 

7.3 

7.  c 

13.5 

6A; 

AOs 

A.O* 

7.9 

2.  1 

1.9 

10.7 

8.3 

3.2 

1.0 

3.3 

7.3 

7.6 

13.  A 

6A1 

601 

A.  0* 

7.9 

2.2 

1.9 

10.5 

8.  1 

3.2 

1.0 

3.3 

7.0 

7.3 

13.  A 

6 A ; 

oOt 

A. 0* 

8.0 

2.2 

2.0 

10.2 

7.9 

3.  1 

1.0 

3.3 

6.9 

7.8 

13.2 

6A; 

SOI 

A.  O'-'- 

8.0 

2.2 

2.0 

9.9 

7.6 

3.1 

1.0 

3-3 

6.2 

7.7 

1 3.  l 

6a; 

951 

A.  0* 

8.0 

2.3 

2.1 

9.6 

7 .A 

3.  1 

1.0 

3.S 

6.9 

7.7 

15.  i 

23,  6A2 , 63,  6 

c 

Cet . 

A.  0ft 

7.9 

2.2 

2.0 

q.o 

7-0 

3.0 

1.0 

3.3 

7.  : 

3.  1 

U*.  1 

6A2  , 63  , 6C 

20-: 

A.  0* 

7.9 

2.2 

2.0 

9.0 

7.0 

3.0 

1.0 

3.3 

7. 

6.0 

lA.  3 

6A2,  63,  fee 

A01 

A.  0* 

8.0 

2.2 

2.0 

9.0 

7.0 

3.0 

1.3 

3.3 

7.0 

3.0 

13.9 

6A2  , 63,  6C 

so? 

A . 0 ft 

8.0 

2.2 

2.0 

9.0 

7.0 

3.0 

1.0 

3.3 

7.0 

7. c 

13.7 

6A2,  63,  6C 

501 

A. 0* 

8.0 

2.3 

2.1 

9-0 

7.0 

3-0 

1.0 

3.  ^ 

7 . "■ 

'3.5 

642  , 65 , 6C 

90°/ 

A.  0* 

8.0 

2.3 

2.  1 

9.0 

7.0 

3.0 

1.0 

~ . c 

7.  - 

’3.5 

6A2  , 68,  6C 

952 

A.  Oft 

8.0 

2.3 

2.  1 

9.0 

7.0 

3.0 

i . : 

3- " 

6 . ” 

- n 

15.2 

Table  Fl6.  (Continued). 


Grazed  shrubs 

% 

Tot  a 1 Ava i 1 ab 1 e 
MT 

Total  Grazed 

/IT  

node  1 

. Year- 

Constraints  type 

spring  s umne r fall 

Year- 
winter  . 

long 

spring  s urme  r fall 

Year- 
winter  , 

1 ong 

spring  s umne  r fall 

winter 

1A,  5A1 

Det. 

7.  1 

32.95 

25. 0A 

IB,  3,  A 

5A2 

Det. 

2.0 

32.95 

25. 0A 

56 , 5C 

561.  5 62 

55. 

5C 

20'3 

2.0 

32.95 

23.37 

5AI,  ?A2 

5S. 

40  • 

2.0 

32.95 

71.71 

5A1,  5A2 

53. 

5C 

60  3 

2.0 

32.95 

10.91 

5A1.  5A2 

53. 

5C 

So-s 

2.0 

32.95 

17.  71 

'SAl.  5A2 

56, 

5C 

9075 

2.0 

32.95 

16.07 

561,  5A2 

58, 

5C 

95i 

2.0 

32.95 

1A.  78 

5A1,  5A2 

58, 

5C 

99-S 

2.0 

32.95 

3.25b 

2 a , 6a: 

Det. 

0.9 

2.6 

A.  A 

3.0 

11.33 

13.93 

31.9b 

12.  A1 

26.9 

A. 07 

9.  A8 

6.11 

5 . 2 A 

oA  1 

2055 

0.3 

2.5 

1 .2 

3.0 

11.33 

13.95 

32.11 

12.55 

3.92 

9.13 

7.8l 

5.  16 

6A- 

b0% 

0.7 

2.3 

A.O 

3.0 

11.33 

13.97 

32.27 

12.68 

3.77 

9.60 

7.52 

5.12 

6 a: 

60i 

0.7 

2.2 

3.8 

3.0 

11.33 

1 A.  00 

32.67 

12.85 

3.59 

6.37 

ft.  16 

5.C5 

- •*  | 

Sot 

0.5 

1-9 

3. A 

3.0 

11.33 

1 A . C A 

32.76 

13.07 

3- 3b 

7.  79 

8.66 

A. 95 

A ,\  • 

93  V 

0 . A 

1.7 

3.0 

3.0 

11.33 

1A.07 

37.59 

13.26 

3.  '2 

7.31 

6.2> 

A. 67 

c*4 1 

95  v 

0.2 

1 . A 

2.6 

3.2 

11.33 

1A.  '0 

33.2C 

1 3 - 42 

2.56 

5.53 

5.85 

A.  80 

_•  Ll  t «.  A2  , 

63 . 6 

Det . 

0.0 

1.0 

2.0 

3.3 

11.35 

13. '9 

31.  73 

12.2.5 

26.83 

5.21 

5 

7.62 

5.7? 

r a;,  *.s . 

oC 

70.. 

0.3 

■ .0 

2.0 

3.0 

1 ’.33 

13.82 

31.33 

12.53 

A.  76 

: 

5.27 

.•  * 

40 ; 

0.0 

1.0 

*>  .n 

3.0 

11.33 

1 3. 66 

32.1- 

12.71 

*♦.  5 ' 

J 4 

5TTC 

?“2  , or  . 

oC 

60; 

0.0 

1.0 

4 . C 

3.3 

H.33 

*3.51 

32-3- 

1 4 . A / 

4.:: 

‘ j 

c . 

c .Z  z 

J ~>C  . 63, 

6C 

so;. 

0.0 

1.0 

2.3 

3.3 

11.33 

13.53 

32.66 

13.29 

3.7c 

7.52 

4 . -3 

A. 58 

6 A2  , rf  , 

0 c 

90; 

0.0 

1.0 

2.0 

3.3 

11.33 

16.03 

32.93 

13.27 

3. At 

7.  ' 2 

6.73 

A. 28 

4 r 

- V. 

95, 

0.0 

1.0 

2.0 

3.0 

11.33 

1A.C8 

33. 16 

13.93 

3.  !A 

6 . '8 

5.  S3 

A.  8 1 
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Table  F16.  (Continued). 


Available  - Grazed 
MT 


'toilc 

■ 1 

Constraints  type 

Year- 

long 

Spring 

S ur.ne  r 

f a 1 1 

winter 

1 A , 

5A1 

Oct. 

7.91 

13. 

3.  A, 

5 a: 

Dot . 

7.91 

53,  5C 

SAI, 

5A2, 

53, 

5C 

20;. 

9.58 

5A1, 

5 A2  , 

56, 

5C 

90'.', 

1 1 . 2 it 

5A1  , 

5A2  , 

5B, 

5C 

6o"; 

13.09 

?A1  , 

5 a:  , 

53, 

,5C 

so- 

15-29 

t 

S A2 

53, 

5C 

9o; 

16.88 

5 A 1 , 

5A2, 

55, 

5C 

953 

18.17 

5AI  , 

5A2  , 

, 5 3 , 

5C 

994 

29.7 

2 A , 

6 A 1 

De  t . 

92.71 

7 . 

26 

9. 

,95 

23.83 

7. 17 

b A 1 

205; 

93.92 

7. 

41 

9, 

.82 

29.3 

7.39 

6A1 

904 

95.09 

7. 

56 

5. 

.17 

29.75 

7.56 

6A1 

602, 

^6.^8 

7. 

79 

5. 

.63 

25.31 

7.8 

6A1 

8C4 

98.96 

7. 

99 

6. 

.25 

26.  1 

8.12 

6A1 

904 

50.03 

8. 

. 19 

6, 

.76 

26.79 

8.39 

SA 1 

954 

51.51 

8. 

37 

7. 

.21 

27.31 

8.62 

23  , 

6A2, 

63, 

6C 

Det . 

92.97 

6. 

32 

9. 

.33 

29.  1 1 

7.  16 

6A2  , 

63, 

6C 

204 

93.73 

6. 

57 

5 . 

.2  5 

29.57 

7.  3S 

6A2  , 

68, 

6C 

It  0* 

99.85 

6. 

.82 

5. 

.51 

29.97 

7.55 

6A2  , 

6 3 , 

6 C 

604 

96.33 

7. 

.13 

5. 

.91 

25.5 

7.79 

6A2  , 

63  , 

6 C 

804 

98.35 

7. 

,55 

6. 

. ^6 

26.23 

8.  11 

6A2  , 

63 , 

6 C 

904 

99.76 

7. 

.89 

6 , 

.91 

26.57 

8.39 

6A2  , 

68, 

6C 

954 

51.97 

8. 

■ 19 

7. 

• 3 

27.36 

8.62 
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The  binding  constraints  of  the  various  models  are  shown  in  Table  F17.  In 
the  single-season  models  1A  and  5A1 , the  solution  vector  of  cattle  and  sheep 
was  due  to  the  vertex  formed  by  the  active  constraints  of  cooS-season  grasses 
and  cool-season  forbs,  while  in  the  remaining  single-season  models,  IB,  3,  4, 
5A2,  5B,  and  5C,  the  solution  vector  of  cattle  alone  was  due  solely  to  cool- 
season  grass  constraint.  In  all  of  the  multiple-season  models,  warm-season 
grasses  in  the  s umnne  r , cool-season  grasses  in  the  winter,  and  cool-season 
forbs  in  the  spring  were  limiting  to  the  two  different  solution  vectors  of 
cattle  alone  and  cattle  and  sheep.  The  difference  in  solution  vectors  arose 
due  to  the  no-seasona  I - i nc r ea s e constraints.  In  model  6A1  , all-seasonal- 
increase  constraints  were  limiting  except  cattle  and  sheep  in  the  winter, 
which  with  the  active  plant  constraints  gave  rise  to  an  optimal  vertex  of 
cattle  and  sheep.  In  all  the  other  multiple-season  models,  2B , 6A2 , 6B,  and 
6C,  the  same  constraints  applied  with  the  exception  of  winter  sheep,  which 
with  the  active  plant  constraints  resulted  in  the  optimal  vertex  of  cattle 
alone. 

The  constraining  plant  groups  were  cool-season  forbs  in  season  1, 
warm-season  grasses  in  season  2,  and  cool-season  grasses  in  season  4.  None  of 
the  plant  groups  constrained  the  solution  in  more  than  one  season. 

The  amount  of  herbage  left  varied  considerably  among  the  different  plant 
groups.  These  values  are  summarized  in  Table  F16.  At  no  time  were  the  site 
maintenance  contraints  ever  limiting. 


7 . 2 Comparison  of  Model  Operation  Characteristics 

In  comparison  to  the  amount  of  herbage  remaining  after  grazing  under  the 
solution  with  the  deterministic  version  of  the  model,  any  stochastic  model  had 
more  herbage  remaining.  The  amount  of  herbage  remaining  by  individual  plant 
group  and  season  increased  steadily  as  the  confidence  level  of  satisfying  the 
constraints  increased.  The  amount  of  herbage  remaining  of  different  plant 
groups  at  different  seasons  with  95%  confidence  was  about  5%  larger  than  the 
amount  of  herbage  remaining  for  the  same  plants  and  seasons  with  0%  confidence 
in  satisfying  the  constraints. 

Due  to  the  characteristics  of  the  data  set  and  the  no- s e a s o n a I - i n c r e a s e 
constraints  employed  by  the  models,  the  influence  of  weighting  and  the 
quadratic  forms  could  not  be  adequately  evaluated.  Models  3,  6B,  and  6C, 
representing  weighting,  quadratic  and  both  weighting  and  quadratic  forms, 
respectively,  all  selected  solution  vectors  of  cattle  alone  in  the  identical 
fashion  to  their  non-we i ghted,  linear  counterparts,  models  IB  and  6A2.  In  the 
deterministic  multiple-season  model,  6A2,  the  remaining  herbage  varied  from 
4.88  to  24.11  metric  tons.  The  quadratic  nature  of  the  objective  function  of 
model  6B  attempted  to  smooth  out  this  large  variation  which  occurred 
principally  in  the  fall  season.  However,  there  is  not  another  feasible  vertex 
within  the  solution  space  that  would  better  reduce  these  differences  since  in 
order  to  do  so,  grazing  would  have  to  be  increased  in  the  third  season  which 
would  violate  the  no-s eas ona I - i nc r eas e constraints.  If  the  data  set  was  such 
that  the  magnitudes  of  remaining  herbage  was  decreasing  with  time  rather  than 
increasing,  due  to  perhaps  greater  loss  and  smaller  utilization  factors  in  the 
fall  season,  then  it  would  be  feasible  for  the  effect  of  the  quadratic  form  to 
be  observed  without  the  violation  or  relaxation  of  the  no-s  e a s o n a I - i nc  r e a s e 


2 1 ^ 


Table  FI  7.  Binding  constraints  of  the  various  models  at  the  optimal  solution 

values  for  consideration  of  forage  allocation  to  four  animals  species. 
In  addition  to  the  binding  constraints  listed  below,  all  of  the  no- 
seasonal  - i ncrease  constraints  were  binding,  except  for  winter 
cattle  in  all  of  the  multiple  season  models.  Another  exception 
was  for  winter  sheep  in  models  6A1  and  2A. 


Mode  1 s 


IA,  5A1  (det.) 

IB,  3 , k,  5A2,  5B,  5C  (All) 
and  5A1  (chance  levels  only) 

2A , 2B , 6 A 1 , 6A2,  6B, 

6C  (All) 

(All  mul t i p 1 e-season 
mode  1 s ) 


WSG  CSG  CSF 

summer  yearlong  winter  yearlong  spring 
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constraints.  The  expected  effect  of  weighting  is  identical  to  that  of  the 
quadratic  form  since  the  relative  degree  of  magnitude  in  the  available  herbage 
on  a seasonal  basis  followed  that  of  the  remaining  herbage.  Thus,  weighting 
also  attempts  to  reduce  the  large  increase  in  the  remaining  herbage  found  in 
fall,  due  to  an  increase  in  warm-season  grasses,  by  attempting  to  allocate 
more  of  the  warm-season  grasses.  However,  as  mentioned  above,  this  is  not 
feasible  without  violating  or  relaxing  the  no-s ea s ona 1 - i nc r eas e constraints. 

The  increase  in  herbage  over  the  first  three  seasons  is  due  to  the 
increase  in  the  allowable  use  factors  which  more  than  double  the  previous 
season  values.  The  increase  in  allowable  use  with  time  strongly  masks  the 
tendency  to  decrease  the  available  herbage  which  results  from  decreased  growth 
and  a general  increase  in  the  loss  factors  with  time. 

The  impact  of  s t oc h a s t i c i z i n g the  models  was  to  reduce  the  number  of 
animals  allocated  and,  thus,  decrease  the  number  of  animal  unit  equivalents. 
In  addition,  stochas t s c i z i ng  the  models  increased  both  the  remaining  herbage 
and  available  herbage  on  a seasonal  and  plant  basis  due  to  decreased  grazing 
allocations.  In  virtually  all  cases,  st oc ha s t i c i t y did  not  alter  the  basis 
(i.e.,  herbivores  selected),  only  the  magnitudes  of  the  values  in  the  ways 
mentioned.  The  only  exception  to  this  was  model  5A1  in  which  sheep  dropped 
out  of  all  of  the  chance-constraint  levels  implemented. 

The  effect  of  the  chance  constraints  can  best  be  illustrated  as  follows. 
There  are  two  possible  ways  in  which  the  mode!  constraints  can  be  affected 
since  the  penalty  functions  of  the  chance  constraints  are  a linear  combination 
of  the  deterministic  constraints.  Altering  the  slope  of  the  constraints,  is 
one  way,  which  is  due  to  the  values  of  penalty  functions  associated  with  the 
left-hand  sides  of  the  constraints,  i.e.,  the  unknown  herbivores.  The  other 
way  is  through  altering  the  constraints  intersection  with  the  decision 
variables  bounds  which  is  due  to  the  right-hand  side  of  the  expression  or  the 
constants.  This  intersection  is  equivalent  to  the  b intercept  in  the  equation 
of  a straight  Sine  where  y = mx+b.  Changes  in  right-hand  side  values  can  be 
visualized  as  a lowering  of  the  constraint  Sines  while  changes  to  the 
left-hand  side  affects  the  slope  of  the  Sines.  Since  the  differential  effect 
of  these  properties  is  slight  due  to  relatively  small  variations  in  the 
coefficients  of  variation  for  the  consumption  rates  and  standing  crops  at  the 
first  season  and  the  growth  in  the  standing  crop,  the  effect  was  to  alter  the 
slopes  and  the  intercept  of  constraint  lines  in  a similar  fashion  throughout. 
Therefore,  the  same  constraints  remained  active  which  resulted  in  selecting 
the  same  vertex,  although  in  a smaller  solution  space,  except  in  model  5A1. 
There,  the  differentia!  effects  caused  selection  of  the  other  optimal  vertex 
of  cattle  alone.  (The  vertex  of  cattle  and  sheep  together  dropped  more 
quickly  in  objective  function  value  than  did  that  of  cattle  alone.) 


8.  SUMMARY  AND  CONCLUSIONS 


The  optimal  forage  allocation  problem  is  considered  as  an  optimization 
problem  which  was  first  conceptualized  by  Van  Dyne  and  Rebman  (1967).  It  then 
went  through  several  developmental  stages,  reviewed  by  Van  Dyne  and  Kortopates 
(1981),  until  it  reached  the  present  conceptual  form  (Janisz,  et  al.  1 979, 
Chapter  A).  The  problem  may  be  divided  into  three  general  areas  of  study. 
These  are  choosing  a currency  to  be  optimized,  choosing  an  appropriate 
cost-benefit  function  (which  may  or  may  not  be  subject  to  various  constraints) 
and  lastly  solving  for  an  optimum. 

The  cost-benefit  function  or  objective  function  is  concerned  with 
minimizing  the  remaining  available  herbage,  the  currency,  upon  completion  of 
the  grazing  season.  As  such,  the  model  determines,  optimally,  how  many  of 
each  of  several  different  species  of  herbivores  to  stock  on  a given  rangeland 
which  has  several  plant  species,  so  as  to  achieve  the  maximum  allowable  use  of 
the  vegetation  as  a whole.  Thus,  the  unknowns  or  the  solution  vector  consists 
of  the  number  of  animals  of  each  of  the  different  species  allowed  to  graze  on 
the  range.  In  our  model  the  animal  species  are  bison,  cattle,  sheep,  and 
pronghorn  antelope. 

The  model  is  constrained  by  either  two  or  four  systems  of  constraints, 
depending  on  the  aspect  of  seasonality.  All  of  the  models  are  constrained  to 
prevent  the  over-grazing  of  any  important  individual  plant  species  or  groups 
and  to  maintain  a sufficient  level  of  herbage  on  the  range  so  as  to  protect 
the  soil  from  wind  and  water  erosion.  Unique  to  the  mu  I t i p I e - s e a s o n models 
are  constraints  to  limit  undue  movement  of  the  herbivores  in  and  out  of  the 
grazing  areas  at  different  seasons  and  to  ensure  that  all  remaining  phytomass 
at  the  end  of  one  grazing  season  is  fully  present  at  the  start  of  the  next 
season.  These  constraints  are  aimed  at  preserving  the  stability  of  the  range 
ecosystem  and  at  providing  tractable  solution  values  to  aid  the  manager  in  his 
decision-making  process. 

In  order  to  solve  for  an  optimum,  the  conceptual  model  has  been 
implemented  in  several  forms,  referred  to  as  the  standard  forms.  The  standard 
forms  are  a specific  generalized  form  that  any  problem  of  a particluar  class 
can  be  transformed  into  thereby  allowing  it  to  be  solved  by  any  one  of  a group 
of  algorithms.  Six  different  groups  of  problems,  representing  three  different 
classes  of  standard  forms,  are  derived  from  the  original  conceptual  model. 
These  three  classes  represent  the  standard  forms  of  the  Linear  Programming 
Problem  (L.P.P.),  the  Quadratic  Programming  Problem  (Q.P.P.),  and  the 
Non-Linear  Pr ogr ammi ng  Problem  (N.L.P.P.);  where  the  first  two  are  in  a matrix 
form  and  the  latter  is  in  the  form  of  a user  supplied  FORTRAN  coded 
subroutine. 

Six  different  groups  of  models,  representing  different  model  structures, 
are  discussed.  Some  of  the  groups  consider  different  cases  and  together  they 
represent  a total  of  14  optimization  models.  These  models  range  in  structure 
from  the  simplest,  linear,  single-season,  deterministic  model  to  the  more 
complex,  non-linear,  multiple-season,  weighted,  stochastic  model  with 
chance-constraints.  The  groups  of  models  allow  for  the  comparison  of  the 
aspects  of  seasonality,  weighting,  linearity  or  non-linearity,  deterministic 
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or  stochastic  approaches  and  the  use  of  specific  standardized  problem  forms 
(L.P.P.  and  Q.P.P.)  or  a generalized  problem  standard  form  (N.L.P.P.). 

Informational  requirements  of  the  various  model  structures  differ  in 
resolution  rather  than  content.  The  requirements  include:  the  number  of 
seasons  of  the  year  grazing  will  occur  and  their  respective  lengths;  the 
standing  crop  at  the  start  of  the  first  grazing  season  and  the  expected  amount 
of  plant  growth  under  normal  grazing  use  in  each  season;  the  amount  of  loss  in 
the  standing  crop  of  vegetation  due  to  trampling,  shattering  and  decay;  the 
allowable  use  factors  for  individual  plant  species  or  groups  by  season;  the 
daily  forage  requirement  of  each  herbivore  species  in  phytomass;  the  dietary 
botanical  composition  of  each  herbivore  during  each  grazing  season  for  a 
specific  grazing  area  and  its  conditions;  and  lastly  the  total  land  area  to  be 
grazed  which  is  enclosed  by  suitable  boundaries  and  is  as  homogeneous  as 
possible  with  respect  to  the  plant  communities.  The  multiple  season  models 
require  the  data  on  a seasonal  basis  whereas  the  single-season  models  require 
the  data  on  an  annual  basis. 

The  solution  value  vectors  were  determined  for,  and  contrasted  between, 
the  14  optimization  models.  In  addition,  the  solving  of  the  optimization 
models  produced  other  important  information  through  sensitivity  analyses. 
These  include  the  limiting  constraints,  which  were  either  a limiting  plant 
group  or  a limiting  seasonal  increase  of  a herbivore;  or  a combination 
thereof.  Also  included  were  the  amounts  of  the  available  plant  groups,  after 
the  first  season;  the  utilization  of  the  plant  groups,  in  terms  of  total 
proportion,  by  individual  herbivore  species  and  by  the  total  combination  of 
herbivore  species;  and  the  total  number  of  animal  unit  equivalents;  all  of 
which  are  expressed  on  a seasonal  as  well  as  an  annual  basis. 

Examination  of  various  sections  in  this  chapter  will  clearly  suggest  that 
there  is  no  global  optima!  answer  in  forage  allocation.  The  strength  of  the 
mathematical  programming  approach  is  to  provide  an  easy  way  to  get  alternative 
answers  rather  than  a single  answer.  The  resource  manager  should  use  the  tool 
of  optimization  analysis  as  a guide  in  decision  making  not  one  to  generate 
prescriptions.  Thus,  it  is  important  to  use  the  rapid-calculation  tool  as  a 
way  of  checking  different  uncertainties  and  assumptions.  Progressively,  the 
manager  involved  should  question  the  validity  of  the  data  entered  into  the 
analysis,  and  perhaps  even  the  form  of  the  mode!,  by  making  more  than  one 
model  run.  One  can  question  the  preference  idea  or  concept  (whether  it  be 
entered  directly  or  be  calculated  from  proper  use  factors),  the  validity  of 
the  allowable  use  factors  assigned,  the  possible  error  (i.e.,  variance)  in  the 
amounts  of  available  herbage  allowed,  and  so  forth.  Only  after  making 
alternative  runs  and  checking  their  own  intuitive  knowledge,  should  the 
resource  managers  make  the  final  resource  allocation  decision. 

Because  each  set  of  resource  managers  may  have  different  amounts  of 
inputs  and  ideas,  then  for  the  greatest  utility  in  the  long  run,  the  optima! 
forage  allocation  modeling  procedure  should  be  done  in  an  iterative  mode. 
This  means  that  the  resource  manager  should  be  able  to  input  remotely  the 
values  to  be  used  for  a particular  run.  By  "remote"  we  mean  that  they  ma1  be 
in  a district  office  or  a state  office  whereas  the  main  program(s)  may  reside 
on  a computer  hundreds  or  even  thousands  of  kilometers  away.  The  base  data 
derived  from  forage  inventory  studies  should  be  available  in  computer  memory 
files.  The  base  data  should  be  examined,  questioned,  and  modified  by  the 
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resource  managers.  Similarly  the  base  data  or  information  regarding  allowable 
use  factors,  proper  use  factors,  dietary  preferences,  and  other  such 
information  should  be  made  available  for  modification  or  use  from  a point 
remote  to  the  central  data  bank.  Sn  no  case  should  the  manager  draw  upon  and 
use  data  or  parameters  he  has  not  seen  and  evaluated. 

One  cannot  overstress  the  importance  and  meaning  in  that  there  is  no 
single  global  optimal  answer  to  the  forage  allocation  model.  Any  model  has 
both  its  pitfalls  and  disadvantages.  The  major  drawback  of  the  forage 
allocation  models  thus  far  is  their  inability  to  suggest  a global  optimal 
combination  of  herbivores  when  in  practical  terms  one  does  not  exist.  Thus, 
even  though  one  particular  combination  of  herbivores  is  allocated  by  the  model 
as  the  optimal  solution,  it  should  be  recognized  that  there  are  many 
suboptimal  solutions  representing  different  combinations  of  herbivores  that 
may  not  differ  significantly  from  the  optimal  solution  in  the  amount  of  total 
herbage  remaining  or  grazed. 

What  the  models  do  best  is  to  determine  the  carrying  capcity  for  the 
optimal  combination  of  herbivores.  Display  of  not  only  the  single  "best" 
combination  of  herbivores,  but  also  the  top  three  or  more  combinations  of 
herbivores,  ranked  from  the  optimal  to  lower  degrees  of  efficiency  in 
utilizing  as  much  of  the  aviafable  herbage  as  possible,  represents  the  most 
useful  and  practical  utility  of  the  optimization  models.  It  has  been 
illustrated  in  this  chapter  that  a suboptimal  combination  of  herbivores  may, 
in  fact,  utilize  the  available  herbage  to  a range  of  within  1/2  kilogram  of 
the  optimal  solution  in  which  a total  of  some  30  metric  tons  is  considered. 
The  manager  must,  therefore,  deem  how  much  of  a loss  of  the  potential  grazing 
load  (optima!  solution  vector)  is  tolerable  for  a more  preferable  combination 
of  herbivores  for  reasons  that  may  be  specific  to  the  case  at  hand.  Not  until 
each  manager  can  quantitatively  express  the  biological,  economic,  social,  and 
political  factors  and  respective  data  that  is  incorporated  into  the  forage 
allocation  decision  process  will  such  a model  be  able  to  pick  the  best 
desirable  combination  of  herbivores.  It  is  quite  doubtful  that  a model  could 
ever  make  the  ultimate  decision  of  forage  allocation.  It  is  up  to  the  manager 
in  each  specific  case  to  weigh  the  "pluses  and  minuses"  of  each  different 
strategy  and  then  implement  the  most  desirable  scenario. 

The  models  do  represent  a very  powerful  tool  available  to  the  manager. 
The  models  can  greatly  aid  the  decision-making  process  by  quantitatively 
establishing  not  the  best  but  a group  of  the  best  biologically  feasible 
combinations  of  herbivores.  These  are  ranked  by  their  efficiency  to  utilize 
the  herbage,  the  degree  of  their  utilization  as  a combination  of  herbivores 
and  in  proper  number  such  that  over-grazing  will  not  occur. 

Through  a sensitivity  analysis,  which  could  be  incorporated  into  a model 
specifically  designed  for  management,  not  only  could  other  suboptimal 
combinations  be  derived  but  the  most  heavily  used  and  most  limiting  plant 
groups  as  well.  This  constrasts  greatly  with  simulation  models  where 
generally  many  runs  are  required  and  yet  the  sensitivity  of  a certain 
parameter  in  relation  to  others  is  still  not  quantitatively  known.  Through 
just  one  optimization  model  run,  a total  sensitivity  analysis  is  derived  for 
that  combination  of  decision  variables  or  herbivores  and  with  each  additional 
pivot  of  the  tableau  the  equivalent  is  derived  for  the  next  best  suboptimal 
combination.  Thus,  through  a one-time  sizable  application  of  optimization 
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theory  and  its  incorporation  into  a complete  model  software  package  for  the 
manager,  the  analysis  of  such  can  be  reduced  to  the  task  of  reading  output 
which  is  as  specifically  to  the  point  as  possible.  Generally  one  run  should 
be  able  to  tell  all  about  the  model  and  the  data  set  used.  With  the  knowledge 
of  limiting  plant  groups,  alternative  management  schemes  could  be  considered. 
One  possibility  would  be  the  use  of  feed  supplements  that  could  greatly  aid 
the  range  manager  in  improving  management  schemes  based  on  a more  rational 
biological  foundation. 


Some  Conclusions  From  Our  Model  Runs 


Our  model  runs  suggest  the  following: 

* As  presently  formulated,  constraints  on  the  protection 
of  the  sites  are  never  binding  since  maintenance  levels 
are  set  at  less  than  200  kg  per  10,000  ha  for  all  the 
herbage  while  the  limiting  overgrazing  constraints 
insure  remaining  herbage  to  a level  of  at  least  1 MT  or 
more  due  to  the  allowable  use  factors. 

* When  different  objective  functions  are  formulated  for  a 
given  set  of  constraints  in  mathematical  programming 
forage  allocation  optimization  models,  generally 
similar  results  will  be  obtained  for  the  different 
models.  It  is  principally  the  characteristics  of  the 
data  set  and  the  various  systems  of  constraints  that 
determines  the  solution  space. 

* With  quadratic  least-squares  objective  functions  in 
optimization  models  for  forage  allocation,  weighting 
functions  which  increase  the  influence  of  plants  of 
high  abundance  seem  more  appropriate  than  those  which 
increase  the  influence  of  plants  of  low  abundance. 
This  is  because  in  the  objective  function  one  is 
dealing  with  a square  of  differences  between  available 
and  grazed  forage  which  tends  to  increase  as  the 
available  herbage  increases. 

* The  effects  of  weighting  the  objective  function  or  of 
any  additional  characteristic  of  the  objective  function 
can  only  be  seen  if  there  does  indeed  exist  another 
feasible  point  which  might  better  serve  such  an 
additional  characteristic.  Thus,  in  order  to  show  the 
effects  of  several  different  objective  function 
characteristics,  several  data  sets  should  be  employed. 

* The  principle  area  of  model  formulation  that  could  most 
benefit  from  improvement  is  that  of  the  no-seasonal- 
increase  constraint  system.  This  system  of  constraints 
prohibits  any  degree  of  seasonal  increase  in  any  of  the 
herbivores.  As  a result  of  this,  it  is  the  most 
restrictive  constraint  system  in  relation  to  herbivore 
diversity  as  well  as  to  forage  allocation  in  latter 
seasons  when  there  is  an  increase  in  the  available 
herbage  over  that  of  the  initial  season.  This 
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constraint  system  was  indeed  responsible  for  the  bulk  of 
remaining  ungrazed  herbage  as  derived  from  the 
particular  data  set  used  herein.  Other  methodologies 
that  restrict  animal  number  changes  in  both  directions 
may  be  more  desirable.  A simple  method  would  be  to 
allow  limited  changes  in  animal  number  perhaps  as  a 
proportion  of  the  previous  season's  numbers.  This 
however  would  double  the  number  of  seasonal  increase 
constraints.  Another  method  would  be  to  minimize  the 
changes  in  animal  numbers  as  well  as  forage  remaining. 

* Based  on  our  present  modelling  runs  with  multiple 
seasons,  the  constraining  plants  banning  more  animals 
being  allowed  on  the  range  are  likely  to  be  found  early 
in  the  grazing  year  rather  than  late  in  the  grazing 
year,  since  animal  numbers  are  only  allowed  to  decrease 
with  time  and  thus  must  appear  in  the  first  season  if  at 
all. 

* At  present,  the  stochastic  models  result  in  lower  animal 
unit  equivalent  numbers  than  do  the  deterministic 
models.  This  reflects  the  cost  of  being  certain  that 
constraints  will  be  met. 

* At  present,  using  the  means  and  variances  we  have 
assumed  for  input  parameters,  we  can  not  set  up 
stochastic  forage  allocation  optimization  models  with 
more  than  95%  confidence  for  multiple-season  models  and 
more  than  99%  confidence  for  the  single-season  models 
that  the  constaints  will  be  met. 

* Meeting  constraints  with  95%  confidence  results  in  about 
10  to  40%  larger  amount  of  herbage  remaining  ungrazed 
for  the  same  plants  and  seasons  than  does  meeting 
constraints  with  20%  confidence. 

Some  main  information  needs  include  the  following: 

* Allowable  use  factors  are  a necessary  component  in 
forage  allocation  modelling  decision  making.  This 
information  is  widely  scattered  in  the  scientific  and 
technical  literature  and  needs  to  be  researched, 
synthesized,  and  analyzed. 

* Botanical  composition  information,  such  as  that  derived 
f rom  mi  croscop i c analysis  of  fecal  samples  collected 
from  the  range,  can  provide  a useful  input  into  the 
forage  allocation  decision  making  process.  However, 
errors  and  biases  in  su;h  data  need  to  be  assessed 
careful S y . 

* We  know  relatively  little  about  losses  of  vegetation  to 
natural  causes  other  than  grazing.  This  information 
needs  to  be  researched  and  summarized  for  use  in  forage 
allocation  models. 
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* More  work  is  needed  on  calculating  preferences  indexes 
that  are  linear  in  scaling  and  that  reflect  both  the 
forage  grazed  and  the  herbage  available. 

* If  standing  crop  information  is  used  in  a forage 
allocation  model,  it  should  be  adjusted  or  corrected  to 
the  long-term  average.  We  need  better  methods  to 
adjust  or  correct  a given  year!s  forage  production  to 
the  long-term  climatic  mean. 

* At  present,  we  know  very  little  about  the  covariances 
among  the  different  parameters  entered  into  the 
formulation  of  optimal  forage  a I location  models. 
However,  we  have  reasonably  good  estimates  of  many  of 
the  variances.  Our  weakest  information  is  about 
dietary  botanical  composition  or  forage  preference. 

* Presently  formulated  mathematical  programming  forage 
allocation  models  do  not  readily  allow  for  inclusion  of 
growth  and  reproduction  of  animals  during  the  interval 
of  grazing  for  which  an  optimum  solution  is  being 
sought.  Further  work  should  be  done  in  this  area. 

* The  present  paper  deals  with  optimizing  forage  use  as 
the  objective  function.  Further  work  needs  to  be  done 
on  synthesizing  information  for  and  then  developing 
objective  functions  and  constraints  for  maximizing 
nutrient  utilization  from  the  range,  digestible 
nutrient  intake,  red  meat  production,  and  economic 
benefits  from  all  grazingland  uses. 

* The  usual  assumption  in  formulating  mathematical 
prograrrmi  ng  forage  allocation  models  is  that  all  plants 
in  a given  area  are  available  to  a!!  animal  species. 
Further  work  is  needed  to  put  topographic  or  other 
spatial  considerations  into  these  models. 

Some  conclusions  considering  the  use  of  forage  allocation  models  are 

* Renewable  resource  managers  are  becoming  increasingly 
familiar  with  use  of  mathematical  programming 
optimization  methods  as  aids  to  decision-making.  We 
can  expect  an  increase  in  adaptation  and  usage  of 
mathematical  programming  optimization  models  in  forage 
allocation  decision-making. 

* There  are  a wide  variety  of  computational  algorithms 
available  to  handle  linear,  quadratic,  or  non-linear 
programming  models  for  forage  allocation,  each  of  which 
is  best  suited  for  a specific  application.  The 
generalized  non-linear  codes  are  adequate  for  handling 
linear  and  quadratic  models.  However,  these  are 
certainly  outperformed  by  the  respective  specialist 
codes  for  linear  and  quadratic  problems. 
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* Forage  allocation  optimization  models  will  be  of  most 
value  in  the  resource  management  decision-making 
community  if  the  resource  managers  are  able  to  input 
values  remotely  to  be  used  in  each  particular  run  and 
if  they  can  make  and  compare  the  results  of  several 
different  model  runs. 

* If  there  is  sufficient  aggregation  of  small  areas  into 
larger  areas  in  formulating  the  mathematical 
programming  optimization  models  for  forage  allocation, 
and  if  there  is  a reasonable  number  of  individual  plant 
species  treated  (perhaps  less  than  a dozen),  then 
computation  times  are  not  excessive  for  the  routine  use 
of  this  tool  in  resource  management  decision  making. 
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Mathemat ica ! Notation  Conventions 


A matrix  is  a rectangular  array  of  numbers,  called  elements.  When  a 
variable  is  defined  as  a matrix  it  is  denoted  by  capital  letter,  e.g.,  A.  A 
vector  is  a column  of  elements  and  is  denoted  by  a lower  case  letter,  e.g.,  a. 
Thus: 


A1 1 » A1  2 » * 

* * A1  n 

a1 

A = 

a21 » a22  > • 

. . A2n 

a = 

a2 

© 

© 

© 

am1  » An2  > • 

• • Amn 

• 

• 

am 

The  transpose  of  an  m x n matrix  A is  the  n x m matrix  A^jj  = Ajj. 

Also,  the  transpose  of  a column  vector  a is  the  row  vector  a^.  The 
product  A B of  an  m x n matrix  A and  an  n x p matrix  B is  the  m x p matrix  C 
with  el emen  t s : 


C i j - ^ k=1 A i k^k  n • 

X = zS=lYn 

refers  to  the  summation  of  variables  Vi,  Y2,...Yn  such  that: 
X = Yi  + Y2  + ...  + Yn 


x = nn=lYn 

refers  to  the  product  of  variables  Yi , Y2 , . . . , Yn  such  that: 
X = Yi -Y2- . . . *Yn . 

Note  that: 


E m=  1 Xfn  ifl  =m+ 1 
£ m=1  ^mHi  =m+1  +*n  * 

Matrix  notation  is  used  in  the  discussion  of  the  standard  form  models  of 
the  L.P.P.  and  Q.P.P.  and  the  chance  constraints.  These  standard  form 
variables,  A,  b,  c,  u,  and  Q,  are  not  related  to  the  forage  allocation  model 
variables;  a fist  of  which  is  given  next. 
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List  and  Definition  of  Symbols 

Only  those  symbols  used  in  the  proposed  model  (see  section  on  Current 
Optimization  Approaches)  are  listed  here,  see  Chapter  F for  all  others* 


A j 

» A j n 

a n 

Bi 

} Bj  n 

ci 

* Gj  n 

j > 

^ i j n 

e s 

E = 

Exponent  = 
G i > Gjn  ~ 

H = 
ha  = 
«,  ! = 
j,  J = 
^VARIABLES  = 

kg  = 
^ i > i n = 

n , N = 
B i j * R i j n = 

S i t S j n = 

T = 

Tn  = 

^ i * ^ i n ~ 

VAR  = 
X j t X | n 

7 • 7 ■ = 

\ > *-  j n 


Iota!  allowable  available  herbage  of  plant,  group  i at  the 
beginning  of  stage  n (kg«ha~^) 

An ima 1 s 

Minimum  allowable  number  of  herbivore  j during  stage  n 
(an) 

Consumption  rate  of  herbivore  j during  season  n 
( kg  • an”^  * d~^ ) 

Relative  preference  of  herbivore  j during  season  n for 
plant  group  i (a  proportion) 

The  degree  of  error  by  which  over-grazing  a posteror i may 
occur  due  to  uncertainty  in  the  random  variables  {U,  G,  L,  S, 
and  D) 

Expectation  operator 

Used  to  denote  portions  of  the  objective  function  which  are 
raised  to  powers  other  than  1*0 

Additional  gain  in  the  standing  crop  of  plant  group  i 
during  stage  n (kg°ha~^) 

Land  area  (ha) 

Hectares 

Index  for  plant  groups  where  i = 1 to  1 
Index  for  herbivores  where  j = 1 to  J 
Practises  corresponding  to  (1-  j ) of  each  of  the 
respective  random  variables 
Ki lograms 

Loss  in  standing  crop  of  plant  group  i during  season  rs  (a 
p r opor  t i on ) 

Index  for  seasons  where  n = 1 to  N 

Total  grazing  requirement  of  herbivore  j for  plant  group 
i during  season  n (kg^an"^) 

Standing  Crop  of  plant  group  i at  the  beginning  of  season 
n ( kg • ha~^ ) 

Transpose  operator 

Number  of  days  in  season  n (d) 

Allowable  use  of  plant  group  I at  season  rt  (a 
proport  ion) 

Variance  operator 

number  of  herbivore  j during  season  n (an) 

Maximum  allowable  number  of  herbivore  j during  season  n 
(an) 


G, 


E - Summation  operator 

II  = Product  operator 
8=  Partial  derivative  operator 
V=  Gradient  operator 
€=  Belongs  to  the  set  of 

= An  n-d imen s i ona I Euclidian 
<==-.>  = |f  and  only  if 


space 
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CLASSIFICATION  OF  RANGE  PLANTS 
PROPER  USE  FACTORS 


ORIGIN  OF  THE  TABLE 


The  materia!  on  which  this  appendix  is  based  was  complied  in  the  late 
1950's  and  represents  an  extensive  review  of  the  Proper  Use  Factor  literature 
to  that  time.  The  information  from  many  agency  documents  and  from  a few 
scientific  references  was  comp  Med  by  G.  M.  Van  Dyne  and  H.  G.  Fisser  while 
the  former  was  on  the  faculty  and  the  latter  was  a graduate  research  assistant 
at  Montana  State  College,  Bozeman. 

Organization  of  the  Table 


Organization  of  Plants  Listings 

Plants  in  the  following  table  are  listed  alphabetically  by  Latin  name 
within  groups  in  the  following  order:  grasses,  grass-like  plants,  forbs,  and 
shrubs  and  trees.  In  some  cases,  more  than  one  common  name  will  apply  to  a 
particular  plant;  however,  the  common  name  which  was  used  in  a majority  of  the 
references  given  was  listed  in  the  table.  No  attempt  has  been  made  to  update 
nomenclature  from  that  Msted  in  the  original  references. 

To  the  left  of  each  scientific  plant  name,  a f ou r-to-e i ght  character 
alphanumeric  name  code  has  been  added.  These  codes  were  taken  from  the 
"National  List  of  Scientific  Plant  Names,  Soil  Conservation  Service,  United 
States  Department  of  Agriculture"  and  "Exhibit  407.1(a)(6)  NSH  Notice 
30-3/20/78."  In  instances  where  no  code  is  given  by  either  reference,  the 
corresponding  space  in  the  table  is  left  blank. 


Table  Subd i v i s i ons 


References  for  three  different  areas  are  subdivided  in  these  tables. 
These  three  areas  are  the  Great  Plains  states,  Northwest  states,  and  Southwest 
states.  In  this  geographic  subdivision,  the  Great  Plains  grouping  includes 
the  plains  portions  of  states  from  Canada  to  Mexico. 


Table  Organization  of  Data 

Following  the  common  name  and  regional  characterization,  a set  of  three 
numbers  may  be  found.  The  first  number  refers  to  the  reference  number;  the 
second  number,  the  proper  use  factor  for  cattle  and  horses  for  the  forage 
species  involved;  and  the  third  n umb er,  the  proper  use  factor  for  sheep  and 
goats  for  the  forage  species  involved.  Thus,  many  references  will  be  found 
for  some  of  the  more  common  plants  as  is  indicated  in  the  table.  On  the  far 
right-hand  side  of  the  table  is  a group  of  three  numbers  set  off  by  two 
vertical  lines.  The  first  number  here  represents  the  number  of  references 
which  gave  proper  use  factors  for  that  particular  species;  the  second  number, 
the  average  proper  use  factor  for  cattle  and  horses;  and  the  third  number  is 
the  average  proper  use  factor  for  sheep  and  goats. 
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References 

The  references  below  were  taken  from  the  literature*  Within  any  given 
reference  source  there  may  have  been  one  or  more  subdivisions  based  on 
rainfall  belt,  season  of  year*  and  other  characteristics* 
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3 Spr i ng-Fa I I 

4 Summer 

5 Winter 
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species  of  southern  Idaho  and  southeastern  Oregon  for  use  with  weight  estimated 
method  of  forage  inventory. 

6 Spr  i ng-Fa  I I 

7 Summer 

Bureau  of  Land  Management.  . Key  forage  species  southeastern  Washington  area 

(Columbia,  Garfield,  Asotin,  Whitman,  and  Spokane  counties) 


8 

12-1  5" 

rainfall  spring 

9 

12-15" 

rainfall  spr i ng-fa 1 1 

1 0 

12-15" 

ra  i n f a 1 1 surrme  r 

1 1 

12-15" 

rainfall  fall,  winter 

12 

Forest 

type  22-30 " rainfall 

spr ing 

1 3 

Forest 

type  22-30"  rainfal 

1 spring 

f al  1 

14 

Forest 

type  22-30"  rainfal 1 

surrme  r 

1 5 

Forest 

type  22-30 " r a i nga 1 1 

fa  1 1- 

winter 

16 

Foo  th  i 1 

1 type  15-22"  rainfal 

1 spring 

1 7 

Foo th  i 1 

1 type  15-22"  rainfall  spring- 

fa 

1 1 

1 8 

Footh i 1 

1 type  15-22"  rainfall  summer 

1 9 

Foot  h i 1 

1 type  15-22"  rainfal 

1 fall- 

winter 
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Spr ing 

21 

Spr i ng-Fa 1 1 

22 

Summer 

23 

F a 1 1 -W  i n t e r 

area 


Bureau  of  Land  Management.  . 

(Kittitas,  Yakima,  Klickitat 


Key  forage 
counties)  . 

24 

25 

26 
27 


species  of  Southcentral 

Spr  ing 
Spr  i ng-Fa I I 
Summer 
Fa  I l-Wi  nter 


Washington  area 
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34 
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35 
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36 

Poor 
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37 
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Everson,  A.  C. , and  Ira  Clark.  1946.  Range  condition— -a  classification  of  the  grassland 
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Reference  Source Reference  No. Subd  i v i s i on 

Forage  Plants  Division.  . One  hundred  percent  density  yields,  symbols,  and 

utilization  percentages  of  506  plant  species.  Dominion  Experiment  Station,  Swift 
Current,  Sask.,  Canada. 

69 

Forest  Service.  1941.  List  of  standard  symbols,  corrmon  names,  and  proper  use  factors 
for  plants  of  Region  1.  In  Range  Management  Handbook— Reg  ion  1.  pp . 801  -850 

70 

Forest  Service.  1950.  Plant  use  factors  for  eastern  Oregon  and  eastern  Washington. 
Pacific  Northwest  Forest  and  Range  Experiment  Station  and  Region  6. 

71 

Heidenreich,  V.  T.  , and  Ina  Clark.  1 946.  Range  condition--a  classification  of  the 
grassland,  sagebrush,  browse,  and  aspen  forage  types  in  the  Portneuf  Soil 
Conservation  District.  USDA  Soil  Conservation  Service  Pacific  Coast  Region. 
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Interagency  Range  Committee. 


1941.  Proper  use  factor  table,  Nevada  District  Number  1. 
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Reference  Source  Reference  No,  Subdivision 


Interagency  Range  Committee.  1940. 

P a 1 a t a b i 1 

ity  table  for  southern  Idaho. 

Soil 

Conservation  Service  Region  9. 

104 

Sp  r i n g-Fa 1 1 

1 05 

Winter 

1 06 

Summe  r 

Interagency  Range  Committee.  1942. 

Proper  use 

tables  for  br ows e-- t imbe r areas  of 

northern  Idaho. 

107 

Interagency  Range  Corrmittee. 
of  Montana, 


Proper  use  table  for  the  lower  foothills  and  plains 

108 


Soil  Conservation  Service.  1941.  Range  Plant  check  list  for  the  Pacific  Southwest 
Region.  Range  Conservation  Division,  Berkeley,  California, 

109 


Swanson,  R.  E.  1947.  Range  condition,  a classification  of  the  sand-bunchgras s range  in 
the  West  Umatilla  Soil  Conservation  District.  USDA  Soil  Conservation  Service, 
Pacific  Coast  Region. 
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Appendix  Tab le 


( Conti nued) 


SHEEP 

Cedarvi 1 1 e 

Jul  1976-Apr  1977 

SCS 

PLANT 

CODE 

SCIENTIFIC  NAME 

PHOTOSYNTHETIC 

PATHWAY 

AVERAGE  OF 
THE  MEANS 
n=2 

FESTU 

Festuca  sp. 

C3 

29.97 

LUPIN 

Lupinus  sp. 

C3 

15.  ^ 

PERA4 

Peraphyl lum 
ramos i ss i mum 

10.71 

CAREX 

Carex  sp. 

S+ 

C3 

6.88 

STIPA 

S t i pa  sp . 

6.62 

AGR0P2 

Agropyron 

C3 

6.56 

1 VAX 

1 va  axi 1 lari s 

s 

5.80 
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Appendix  Table  I I 1.2.  (Continued) 


SHEEP 

Ceda  rv i 1 1 e 

July  1 976-Apr i 1 1 977 

SCS 

SCS 

PLANT 

SCIENTIFIC  NAME 

PLANT 

SCIENTIFIC  NAME 

CODE 

CODE 

ARTEM 

Atremisia  sp. 

POTEN 

Potent  ilia  sp . 

PUTR2 

Pursh i a 

PRUNU 

Prunus  sp. 

tr i dentata 

Rl  BES 

Ribes  sp. 

BROMU 

Bromus  sp. 

SIDA+ 

S i da  sp . 

SCI  RP 

Sci rpus  sp. 

JUNIP 

Juniperus  sp. 

DANTH 

Danthonia  sp. 

SYMPH 

Symphor i carpus 

ORHY 

Qryzops i s 

sp. 

hymeno i des 

SIHY 

S i tan i on 

hys  tr i x 

MUR! 

Muhlenberg i a 

r i chardson i s 

P0A++ 

Poa  sp. 

CELE3 

Cercoca  rpus 

1 ed i fol i us 

Pod 

AMELA 

Amelanchier  sp. 

DRABA 

Draba  sp. 

SISYM 

Sisymbrium  sp. 

JUNCU 

Juncus  sp. 

ER10G 

Eriogonum  sp. 

OENOT 

Oenothera  sp. 
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Append! x Table 


1.2.  (Continued) 


PRONGHORN  ANTELOPE 


Cedarvi 1 le 


Fa  1 1 and  Winter 

SCS 

SCS 

SCS 

PLANT 

SCIENTIFIC  NAME 

PLANT 

SCIENTIFIC  NAME 

PLANT 

SCIENTIFIC  NAME 

CODE 

CODE 

CODE 

! VAX 

1 va  axi 1 1 ar i s 

CHV  1 8 

Chrysothamnus 

XANTH2 

Xanthium  sp. 

PUTR2 

Pursh i a 

v i sci d i f lorus 

Unknown  forbs 

tridentata 

VERBA 

Verbascum  sp. 

DANTH 

Danthonia  sp. 

DESCU 

Descurainia  sp. 

CELE3 

Cercocarpus 

LUPIN 

Lupinus  sp. 

led i fo 1 i us 

BALSA 

Balsamorhiza  sp. 

SYMPH 

Symphor i carpus 

ORHY 

Oryzops i s 

DRABA 

Drabs  sp. 

sp. 

hymeno i des 

E R 1 G E 2 

Erigeron  sp. 

CHNA2 

Chrysothamnus 

LEPID 

Lep i d i um  sp. 

HELIA3 

Hel ianthus  sp. 

nauseosus 

ATRIP 

Atriplex  sp. 

POTEN 

Poten t i 11a  sp . 

FESTU 

Festuca  sp. 

ELYMU 

Elymus  sp. 

P0TR5 

Popul us 

JUNIP 

Juniperus  sp. 

MURI 

Muh 1 enberg i a 

t remu 1 o i des 

OENOT 

Oenothera  sp. 

ri cha  rdson i s 

ERIOG 

Eriogonum  sp. 

P0A++ 

Poa  sp. 

STIPA 

S t i pa  sp . 

SIHY 

S i tan i on 

hyst  r i x 

AGROP2 

Agropyron  sp. 

SISYM 

S i symbr i um 

• 

EQUIS 

Equ i setum  sp. 

KIBES 

Ribes  sp. 

ASTER 

Aster  sp. 

ERODI 

Erodium  sp. 

BROMU 

Bromus  sp. 

L i chen 

CAREX 

Carex  sp. 

MERTE 

Mertensia  sp. 

SENEC 

Senecio  sp. 

SIDA+ 

Sida  sp. 

PERAA 

Peraphy 1 1 urn 

ramos i ss i mua 

TRIFO 

Tr i fo 1 i um  sp . 

330 


CP 

CO 

to 

X 

CD 

7? 

•H 

"O 

— 

o 

^ 73 

o 

— — 

o 

r~ 

c: 

o C ^ 

2 

~o 

> 

— i 

^ > n 

c: 

> 

o 

73 

m 

m -1 

CD 

to 

CO 

X 

CD 

to 

n 

rt 

*o 

— • 

o 

o 

— • 

o 

— * 

C 

3 

•o 

0) 

rr 

m 

c 

QJ 

o 

n 

ft 

2 

in 

c r 

— • 

— 

in 

o 

BJ 

o 

in 

■o 

— - 

C 

"O 

• 

C 

to 

0* 

• 

VI 

x» 

O 

to 

to 

X) 

2 

T3 

• 

> 

• 

m 

73 

X 

o 

o 

o 

O 

o 

o 

> 5 

z:  -< 

vo 

VO 

-C“ 

Jr- 

-C“ 

H 

^ m 

r 

-H 

O 

O 

> 

to 

> 

NJ 

VO 

< 

o 

—1 

o 

vn 

vn 

3 m 

o 

—1 

• 

• 

• 

II  73 

o 

r- 

CD 

VO 

—a 

CJN 

hO  > 

■n 

m 

VO 

O 

CD 

o 

n 

m 

o 

71 

0} 

> 

n 

vo 

rvj 

ro 

c 

3 

—A 

M 

— - 

O 

3 m 

— • 

« 73 

3 

VO 

vo 

— * 

N) 

Vn 

— > 

to 

tO 

— * 

—a 

ON 

CD 

c 

r* 

m 

o 

CD 

“1 

Q> 

3 

3 

CL 

-n 

0* 

to 

_* 

m *> 

— . 

o 

vn 

—a 

-c- 

ON 

CD 

7T  > 

O 

VO 

vo 

ro 

N3 

O 

VO 

o 

NJ 

VO 

o 

CL* 

3 

CL 

71 

QJ 

n 

^ < C 

3 

3 

—a 

— * 

—* 

p*o 

to 

o 

CD 

CD 

ro 

vo 

> CT 

r* 

m ° ^ 

o 

ON 

hO 

vn 

vn 

vo 

2 m -• 

3 

o>- 

VO 

vo 

CD 

> m 

^oo 

> 

X) 

-O 

0) 

3 

Q. 

X 


Q) 

cr 


w 


3* 

-n 

O 

in 

0 

a> 

-h 

c 

3 

3 

3 

W 

3. 

o~ 

3 

CD 

n 

at 

W 

3 

3 

-i 

03 

cr  ~< 

0) 

rt 

— • 

3 

O 

< 

o 

CL 

3 

o 

— h 

*1 

CL 

O 

(D 

■a 

(D 

— • 

in 

— > 

(D 

in 

0) 

~5 

rt 

cr 

3 

• 

“l 

CD 

rt 

— • 

in 

O 

(T> 

in 

rt 

O.  X3 

in 

CD 

>» 

o 

O 

3 

— • 

2: 

a> 

0) 

-h 

in 

2 

0) 

O 

O 

2 

0) 

-h 

CD 

— I 

X 

vn 

0> 

o 

3 

o 

at 

O 

• 

— ■ 

3 

•< 

in 

3 

o 

~ • 

O 

a» 

in 

3 

rt 

(D 

0) 

— h 

O 

— • 

-i 

3 

3 

CT> 

GO 

rt 

o 

3" 

—h 

o 

(D 

O 

o 

“I 

“5 

CL 

“l 

— • 

O 

o 

0) 

0) 

rt 

rt 

a> 

in 

rt 

3 

— < 

CL 

CD 


331 


■ 

o o ^ 

ur 

CO 

o 

ur 

uy 

<r— 

{ 

c 

X o ^ 

ro 

OO 

<N 

CN) 

CA 

c~ 

rA 

0 

*-i 

LA 

r- 

ur 

ON 

ON 

so 

| 

cn 

- ^ UJ 

ro 

•— 

c 

UJ  u ^ 

I 

• — 

s =»  i 

J 

E 

< ^ 

03 

Li. 

"a 

c 

<13 

O 

o 

I 

u. 

LA 

oo 

on 

vO 

03 

ON 

nD 

| 

L. 

LU  <TN 

r — 

cn 

*— 

CN 

fA 

CA 

CN) 

j 

o 

O 

< x * 

CA 

cn 

\D 

LA 

CN 

OO 

LA 

| 

o 

to 

•— 

£s 

cn 

CN 

«— 

j 

and  Fa 

U 

0) 

c 

£ 

o 

E 

LU 

3 

O 

co 

O 

v£> 

oo 

LA 

*— ■ 

cn 

to 

< r-n 

oo 



\D 

• — 

c— 

LA 

c 

a II 

• 

• 

• 

• 

• 

• 

•— 

LU  C 

o 

•— 

o 

CN 

O 

E 

> 

LA 

*— 

«— 

«— 

V- 

< 

03 

(j. 

o 

LU 

U 

o 

T— 

vO 

CN) 

i — 

LA 

rA 

CO 

< CM 

\D 

ur 

f — 

LA 

\D 

LU 

o 

oc  n 

• 

to 

U 

LU  C 

T-~ 

ur 

o 

O 

US' 

ur 

cn 

o 

> 

ur 

«— 

CN) 

O 

CO 

< 

X 

o 

h- 

£ > 
is 

OA 

uy 

ur 

-3" 

ur 

CA 

rA 

>-  jE 

O 

o 

o 

LJ 

o 

o 

O 

O 

X 

CL. 

LU 

CL 

r 

to 

O 

< 

• 

• 

CL 

z 

CL 

CL 

to 

to 

t/> 

o 

CL 

cn 

to 

0 

C 

03 

to 

L, 

3 

• 

Q. 

Ll. 

o 

3 

0> 

CL 

to 

— 

U 

o 

03 

_Q 

o 

to 

H3 

>* 

C 

-Q 

to 

Z 

CL 

4) 

L_ 

<D 

o 

CD 

3 

LU 

o 

M 

03 

. — 

V. 

CL 

P 

— 

L. 

3 

r— 

X 

O 

0 

o 

cn 

O 

3 

CL 

i-J 

L. 

LO 

< 

CO 

X 

1 

CO 

CO 

cm 

t LU 

(N 

CL 

LU 

OC 

LU 

o 

< 

ZD 

O 

h- 

< 

—I 

cc 

Q_ 

s 

GC 

X 

~J 

X 

o 

— 

O 

Q_  ° 

U 

o 

— 

X) 

Q. 

1— 

oC 

< 

CD 

X 

i- 

CO 

CO 

QQ 

£ 


332 


73 

^3 

c_ 

o 

> 

X 

— 

c: 

m 

2 

t~  i o 

<z 

X 

s 

X 

m 

Sex 

co 

c: 

— 

o 

r~ 

4 

or 

-O 

NO 

3> 

m 

73 

"D 

C- 

O 

> 

</> 

IT 

— « 

c 

3 <D 

3 

o 

C 

3 

3 

O -i 

CD 

in 

C 

— • 

o n 

— 

m 

</> 

TO 

rr  O 

to 

zz 

t/i 

cd 

to  n 

3 

-H 

*o 

V) 

3 

3 to 

o 

• 

*a 

C 

C 1 

IT 

*T| 

• 

o)  -a 

— • 

c 

CD 

o 

O') 

</i 

■O 

X 

• 

> 

■o 

m 

-o 

X 

o 

o 

o 

5 o 

Is 

UJ 

OO 

2=  z 

+ 

+ 

>5 

^ m 

•H 

o 

> 

CO 

O 

— * 

ON 

c 

O 

r~! 

on 

OO 

x- 

3 m 

O 

• 

• 

• 

• 

li  33 

o 

O 

o 

X“ 

NO  > 

“I 

X- 

jSJ 

CO 

O 

n 

m 

o 

“H 

0) 

> 

n 

Oo 

OO 

— » 

< 

3 

VO 

x- 

on 

— a 

3 m 

— o 

• 

• 

• 

• 

11  73 

3 

03 

on 

co 

—a 

— > 

CO 

IQ 

x- 

co 

— * 

oo 

cry 

c 

rt 

m 

3 

o 

3 

CD 

to 

3 

3 

CL 

m m 

~n 

to 

CO 

IN) 

N) 

OO 

-j  m ^ 

—a 

o 

oo 

OO 

x- 

O 

OO 

on 

on 

on 

» * £ 
S m 

O 

o 

n 

OQ 

x- 

O 

on 

T 

o 

to 

3 

Cl 

~n 

0) 

n 

, > 

3 

-Emm 

3 

— - 

— • 

— - 

x- 

3 So 

uC 

— * 

on 

on 

x- 

oo 

rt 

• 

• 

O 

— 

oo 

on 

oo 

"O 

c m -< 

3 

oo 

— • 

x- 

IN) 

*Nl 

5 nr 

5 ° ° 

> 

■a 

TJ 

CD 

a 

CL 

X 


Hi 

cr 


(D 


o 

o 

3 

r+ 

□ 

C 

n> 

Cl 


333 


Appendix  Table  111.4.  Summary  of  plant  species  comprising  less 

than  5 % of  the  diet  of  herbivores  based  on 
fecal  analysis  for  Socorro  and  Farmington 
Districts,  New  Mexico,  The  data  are  for 
cattle,  horses,  and  deer. 


I 

CATTLE 

Socorro  and 

Farm! ngton 

Summer  and  Fal 1 

SCS 

SCS 

PLANT 

SCIENTIFIC  NAME 

PLANT 

SCIENTIFIC  NAME 

CODE 

CODE 

AGR0P2 

Agropyron  sp. 

FALL 

Fa  1 1 ug i a sp . 

AR1ST 

Ari stida  sp. 

GUSA2 

Gut i errez i a 

CAREX 

Carex  sp. 

sarothrae 

LYCUR 

Lycurus  sp. 

JUN  1 P 

Juniperus  sp. 

MUHLE 

Muhlenbergia  sp. 

LESQU 

Lesquere  Hasp. 

ORHY 

Qryzops i s 

MENTZ 

Mentzel 1 i a sp. 

hymeno i des 

OENOT 

Oenothera  sp. 

SCLER7 

Scleropogon  sp. 

OP  UNT 

Opuntia  sp. 

TRI  DE 

T r i dens  sp . 

PHORA 

Phoradendron  sp. 

FESTU 

Festuca  sp. 

SPHAE 

Sphaeralcea  sp. 

ARTEM 

At remi s i a sp . 

YUCCA 

Yucca  sp. 

ATRIP 

Atr i pi  ex  sp. 

■ 

F rob 

CEM02 

Ce  rcoca  rpus 

montanus 

CROTO 

Croton  sp. 

CLEOM 

Cleome  sp. 

DESCU 

Descurainia  sp. 

EPHED 

Ephedra  sp. 

ERIOG 

Eriogonum  sp. 

EUROT 

Eurotia  sp. 

Appendix  Table  III. k.  (Continued) 


HORSES 


Socorro  and  Farmington 


Summer  and  Fal 


SCS 

PLANT 

CODE 

SCIENTIFIC  NAME 

ARIST 

Aristida  sp. 

CAREX 

Carex  sp. 

P0A++ 

Poa  sp. 

LYCUR 

Lycurus  sp. 

ORHY 

Oryzops i s 
hymeno i des 

SCLER7 

Scleropogon  sp. 

TRI  DE 

Tridens  sp. 

ARTEM 

Artemisia  sp. 

ATRIP 

Atr i p 1 ex  sp . 

CEM02 

Cercocarpus 
brevi fol i us 

EPHED 

Ephedra  sp. 

ERIOG 

Eriogonum  sp. 

EUROT 

Eurotia  sp. 

IESQU 

Lesquerel la  sp. 

OPUNT 

Opuntia  sp. 

PINUS 

Pinus  sp. 

SPHAE 

Sphaeralcea  sp. 

Compos i tae 

Forb 

Seed 
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DEER 


Socorro  and  Farmington 


Summer  and  Fa  1 1 

SCS 

SCS 

PLANT 

SCIENTIFIC  NAME 

PLANT 

SCIENTIFIC  NAME 

CODE 

CODE 

AGR0P2 

Agropyron  sp. 

Jur.usia  sp. 

CAREX 

Carex  sp. 

LESQU 

Lesquere  1 1 a 

ORHY 

Oryzops i s 
hymeno i des 

PHORA 

QUERC 

Phoradend  ron 
Quercus  sp. 

SPORO 

Sporobolus  sp. 

Sart i vel 1 la 

STIPA 

St  S pa  sp . 

f 1 aver i ae 

TRI  DE 

Trldens  sp. 

SPHAE 

Sphaeralcea  sp. 

BROMU 

Bromus  sp. 

YUCCA 

Yucca  sp. 

FESTU 

Festuca  sp. 

Compos itae 

ASTER 

Aster  sp. 

Forb 

ASTRA 

Astragalus  sp. 

Seed 

ATRIP 

Atriplex  sp. 

BERBE 

Berberis  sp. 

CHNA2 

Chrysothamnus 

nauseosus 

CROTO 

Croton  sp. 

EPHED 

Ephedra  sp. 

ERIOG 

Eriogonum  sp. 

EUROT 

Eurotia  sp. 

FALL 

Fa  1 1 ug i a sp . 
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Append! x Table  1!  1.5.  (Continued) 


SHEEP 

Ely  Only 

Fall  & Wi nter 

SCS 

PLANT 

CODE 

SCIENTIFIC  NAME 

PHOTOSYNTHETIC 

PATHWAY 

AVERAGE 

n=2 

ATRIP 

Atriplex  sp. 

12.52 

ERIOG 

Eriogonum  sp. 

80.69 
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Appendix  Table  111.6.  Summary  of  plant  species  comprising  less 

than  5 % of  the  diet  of  herbivores  based  on 
fecal  analysis  for  Elko,  Ely  and  Wmnemucca 
Districts,  Nevada.  The  data  are  for  cattle, 
horses,  deer,  pronghorn  antelope  and  sheep. 


CATTLE 

SPRING  t SUMMER 

FALL  t WINTER 

(*) 

YEARLY 

scs 

SCS 

SCS 

PLANT 

S C 1 ENT  1 El C NAME 

PLANT 

SCIENTIFIC  NAME 

PLANT 

SCIENTIFIC  NAME 

cc:e 

CODE 

CODE 

aorop: 

Ag  rooy  ron 

CAREX 

Carax 

3R0HU 

Sromus 

30UTE 

Sout  a 1 oua 

ELY  MU 

E 1 yiMj* 

SOUTE 

Bouce  1 oua 

Cvperaceae 

FESTU 

Festuca 

CAREX 

Carex 

ELYMU 

E lymus 

HILAR 

HI  1 a r i a 

ELYMU 

E 1 ymus 

PESTU 

Fescue* 

MUHLE 

Huh lenbergi a 

FESTU 

res  tuca 

XOELE 

Ko« 1 a r i a 

ORMY 

Oryzops i 5 Hynenoi des 

ORHY 

Gryioosis  hvmenoidas  ; 

MUHLE 

Muh lenberg i a 

JUNCU 

Juncus 

JUNCU 

i 

Juncus 

JUNCU 

Juncus 

SI  TAN 

Si  tan i on 

SI  TAN 

S i can i on 

SI  TAN 

Si cani on 

SPORO 

Sporobolus 

SPORO 

Sporobolus 

SPORO 

Sporooolus 

Unknown  grass 

Unknown  grass 

STIPA 

S C i 0 A 

ARTEH 

Artemi s i a 

ARTEM 

A r t em i s i a 

TRICE 

Tri dens 

SALSA 

8a  1 samorh  i za 

ATRIP 

Acri plex 

•arte.h 

Artemi s i a 

8ERBE 

Berberi  s 

CERCO 

Ceriocarous 

ASTRA 

As  traga 1 us 

CE.RCO 

Carcocarpus 

OESCU 

Oescurai  n i a 

3ALSA 

3a 1 samorh i za 

Ceratoi des  lanata 

EULA5 

Eurocia  lanata 

CE.RCO 

Cercacarous 

OESCU 

Oescurai ni a 

HALOG 

Ha  logeton 

Compos i t a 

ELEOC 

£1 eocnar i s 

JUNIP 

Jun i perus 

E?H£0 

Epheara 

CRSP 

Gray i a spinosa 

PURSH 

Pursn  i a 

ERIOG 

£ 'i ogonum 

HALOG 

Halogeton 

SPHAE 

Sphaeralcea 

HALOG 

Ha  logeton 

LEPIO 

Lepi di um 

SOLAN  . 

Sol anum 

1 VAX 

1 /a  axi 1 laris 

LUPIN 

Luoinus 

SYMPH 

Symonori carpos 

JUNI  P 

Juni perus 

OPUNT 

Opunt i a 

Unknown  legume 

LEPIO 

Lao i d i um 

PHLOX 

?h  1 ox 

muhle 

Huh lenbergi a 

LEPT02 

Leptodactv Ion 

SISYM 

S i symbr i um 

EQUI  S 

Equ i se  turn 

LESQU 

Lesquere  1 1 a 

Unknown  composite 

ELEOC 

E leochari  s 

Artemsia  type 

l£  °TZ 

“•e  r tens  i a 

Seed 

HOLOO 

Ho  lodiscus 

’“LOX 

?h  lox 

Moss 

PHLOX 

Ph  lox 

PI  NUS 

P » nus 

ECU  IS 

Equi setum 

CHRYS9 

Chrysothamnus 

PURSH 

?' jrsh  i a 

HOLOO 

Ho lod  i scus 

ERI00 

Eriogonum 

SARA 

Sa 1 soa  kali 

CHRYS9 

Chrysothamnus 

LEPT02 

Leocodacty Ion 

SAVEL 

Sarcooatus 

ATRIP 

Atr i o 1 ex 

OPUNT 

Opun  t i a 

/ermi  culatus 

SISYM 

S i ivmor i um 

ERIOG 

Er  i ogonum 

TETRA3 

Tetradvmia 

SOLAN 

So  1 anum 

LEPT02 

Laptodacty Ion 

LEPIO 

Lep  5 di um 

SYHPH 

Symonori carpos 

JUNIP 

Juni perus 

Compos i te 

Unknown  borage 

TETRA3 

Te t radymi a 

PENST 

Pens  temon 

Unknown  compos  it* 

Compos i te 

ASTRA 

Astragalus 

Unknown  comoos  ice 

PENST 

Pens temon 

SALSA 

3a 1 samorh i za 

Artemsia  type 

! 

Unknown  forb 

ASTRA 

Astragalus 

80RAG 

Sorjgo 

UnKncwn  legume 

80RAG 

Soraqo 

ASTER 

As  ter 

Seed 

ASTER 

Aster 

Unknown  chenopod 

HOSS 

ECU  IS 

equi secum 

ELEOC 

E 1 eoehari  t 

HOLO 

HO  1 Odi  SCUS 

I 

•:hays? 

Ch  ry jotnamnui 

! 

ATRIP 

At  r i o 1 ex 

i 

EULA5 

Eurocia  lanata 

I 

opunt 

Ooun  c i a 

i 

tetraj 

T.traaymi a 

i 

PENST 

Pans  tenon 

i 

i 

SCRAG 

Sorago 

DESCU 

Cascurainia 
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i 
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As  tar 
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Appendix  Table  I I 1.8.  Summary  of  the  plant  species  comprising  less  than  5%  of  the 

diet  of  herbivores  based  on  fecal  analysis  for  Salt  Lake 
City  and  Cedar  City,  Utah.  The  data  are  for  cattle,  deer 
and  horses. 


3^7 


348 


Appendix  Table  I I 1.8.  (Continued) 


3^9 


</> 


<u 

C 

s_ 

... 

L- 

o 

in 

o 

> 

4-> 

_c 

.— 

o 

cn 

X) 

•— 

s_ 

L. 

-Q 

CD 

4-> 

jr 

in 

•— 

Cl 

4- 

Q 

CD 

o 

(D 

in 

JC 

cn 

c 

in 

+J 

•— 

<d 

. — 

•— 

2 

■a 

CD 

CC 

0) 

<D 

-C 

*o 

«\ 

+j 

c 

U 

CD 

CD 

c 

<D 

•— 

m 

~o 

Q) 

CD 

C 

i_ 

m 

o 

s_ 

CD 

E 

CL 

in 

CO 

!_ 

L_ 

o 

o 

J* 

JZ 

u 

<5^> 

o 

<s\ 

LA 

DC 

CD 

• 

> — 

CD 

4- 

1_ 

■M 

a. 

o 

o 

•M 

o 

4- 

CD 

r— 

in 

O 

CD 

CD 

in 

4-> 



s_ 

c 

a 

in 

O 

CD 

CD 

>,4- 

CL 

■ — 

c 

in 

CD 

CD 

C 

!_ 

o 

4J 

CD 

CD 

J c 

C 

CD 

CD 

■ — 

CD 

c 

i — 

CD 

+-» 

o 

CL 

U 

CD 

s_ 

CD 

Q 

CL 

4— 

4- 

o 

-a 

C 

• 

c 

o 

cn 

CD 

!_ 

c 

CD 

•a 

CL 

E 

CD 

E 

Q) 

E 

m 

O 

CD 

C5 

CD 

>-  sz 

CO 

-£ 5 

in 

<T\ 


-Q 

fO 


X 

TD 

C 

Q) 

CL 

CL 

< 


<D 

<U 

>- 


< 

a:  ii 

uj  c 


o 

o 


o 

o 


o 

o 


2 

fU 

a: 


cn 

c 


-X 

u 

o 

cc 


o 

< 

a:  h 

LU  c 

< 


Q O _,r 
W < 

O < i- 

uj  £ £ 

*3* 


< 


< 

a: 


> 

< 


CPv 

~T 


vO 

CO 


-d- 


O 

r*-\ 


-3* 

m 


O 

Lf\ 


-3" 

C7% 


o 

CNi 


o 

LTV 


LT 

cn 


>- 

< 

x 

h- 

< 

Q, 


+ 


o 

JO 


UJ 

x 


< 

• 

Cl 

• 

to 

to 

Cl 

• 

O 

QJ 

to 

CL 

— » 

C 

• 

to  ~D 

• 

to 

ii. 

O 

Cl 

• — e — 

CL 

X 

— 

to 

to  0 

to 

<y 

h“ 

CL  C 

*— 

X 

CL 

X 

O 0) 

»T3 

Cl 

•M 

LlJ 

0 

a> 

N E 

CL 

... 

0 

— 

l_ 

u 

>*  >> 

• — 

L, 

L 

C_J 

CD 

fO 

L JC 

4-J 

W 

D 

c/*> 

< 

O 

0 

to 

< 

UJ 

£ UJ 

<N| 

CL 

X 

< 

CL 

h- 

5 Q 

O 

UJ 

>- 

CL 

— 

O 

=5  o 

czl 

a: 

X 

— 

CC 

cn 

^ 0 

LD 

< 

CC 

1— 

K* 

x 

< 

CJ 

0 

wo 

< 

UJ 

350 


m 

> 

t/> 

o 

o 

> 

c 

•H 

-H 

7D 

> 

o 

£ ? to 

— 

X 

ZD 

o 

— 

"O 

-< 

m 

o 

m ^ ^ 

-H 

> 

X 

“0 

ro 

1 m 

> 

c /) 

O 

o 

> 

c/> 

c 

rr 

rr 

zr  n 

Oj 

IQ 

o 

n 

— • 

'C  *< 

n 

“1 

— 

o 

— • 

•o 

3 N 

(D 

O 

m 

r? 

"O 

a» 

0)  o 

X 

■D 

2 

— • 

— » 

3 -O 

*< 

— t 

QJ 

Q 

(A 

O <A 

lA 

X 

■O 

— . — . 

TD 

o 

•n 

ia 

• 

CL  <A 

• 

D 

T? 

CA 

0) 

o 

• 

■o 

VA 

(A 

<* 

■o 

2: 

• 

> 

m 

“O 

:r 

o 

o 

O 

O 

O 

|§ 

VaJ 

w 

+ 

OJ 

il 

— « 

o 

— • 

m » 

O 

Jr- 

Ln 

-c- 

VaJ 

vji 

t:  > 

C m 

fO 

ro 

-P“ 

OF 

\NS 

^ < c 

vn 

ro 

-5  - 

vn 

oo 

— » 

> o 

-C“ 

CT' 

ON 

VO 

VjD 

> m 

0 

OF 

iS 

> 

\-K» 

oo 

vn 

_» 

VJ“» 

ii  2 

o 

o> 

^4 

o 

m 

o 

ON 

> 

VO 

— » 

LO 

on 

o 

Ln 

D 

i 5 

O 

o 

o 

O 

o 

m 

jo 

O 

o 

7T 


D 

UD 


JO 

CD 

£ 


o 


33 

o 

n 


T3 


> 

■a 

-a 

a> 

3 

CL 

x 


Ol 

cr 


0) 


LD 


O 

o 

3 


3 

C 

a> 

o. 


Appendix  Table  I I 1.9.  (Continued) 


351 


. Only 

Fall  6 Winter 

AVERAGE 

n=i4 

LA  cO 

cn  — 

LA  (T\ 

c 

U 

OK 

Rawl 

E 

E 

D 

UJ 

CD 

vO  cr\  rA 

► 

< CN 

-T  -3"  LA 

DC  (I 

UJ  C 

vO  VO  LA 

cr> 

> 

LA  »— 

c 

< 

l. 

CL 

CO 

o 

cC 

UJ 

UJ 

¥— 

x >- 

o 

SI 

m 

0 

o 

X 

a. 

UJ 

3; 

<c 

. 

Q. 

in  in 

0 

3 

— 

• «T3  Cl  in 

Lu 

Cl  — u D 

V»  V)  fD  C 

h- 

— U 05 

Z 

<0  E O w 

UJ 

CL  05  U C 

—* 

.—  4-»  U O 

0 

oj  E 

cO 

<n  < <-> 

in  Z q 

< 2:  <>4 

Q_  UJ  O 

IT)  _ 1 J-J 

— i — 2: 

a.  0 

1 — cc  lj  J 

in  < 0 

352 


“o  r~  m 

c 70 
m ~d  — 

cz  — o 


o 

NJ 


tn  y> 

— < CD 

— do 
TJ  O 
> -O 
K) 


C 

ID 

CL) 


o 

CD 

o 

D 

C 

3 


in  TD 
C 


> 

CD 

~\ 

o 

TD 

•< 

O 

D 


CO 

O 


> 

2 


O 

II 


m 


> 

< 


o 


co 

CD 


OO 

vn 


3 3: 
II  m 
Ni  > 


VD 


*^4 


VX> 


> 

<:  C 
m m 
do  — 
> CD 
CD  IE 


> 

Z 


O 

o 

*■ 


> 

< 


D 

CD 


\J1  — * 

CO  — » 


rv> 


— jr- 

oo  cn 


oo 

\J 


DO 

> 

CD 


<D 


O 

U> 


i<  *: 

zr  m m 
m ^ - 
> o 
^ni 


m 


N> 

ro 


D m 
II  io 
— > 
CD 


-C 

CD 

Of 


o 

D 


Appendix  Table  III. 9.  (Continued) 


Appendix  Table  III. 9.  (Continued) 


353 


SHEEP 

Rock  Springs  Only 

Yearly 

AVERAGE 

n=l 

o o o 

o o o 

-J  (M  N 

CM  -4 

t- 

<u 

*-> 

c 

c 

Lu 

AVERAGE 

n=6 

IA  N CA  fO 
CO  vO  -4  *— 

r^.  CM  O 43- 
4T  CM 

Spring  6 Summer 

AVERAGE 

n=A 

\D  OO  -3" 

4T  CT\  O CM 

\D  (T\  vO  r- 

•—  C*-\ 

O 

s! 

5:  £ 

O O 

o 

X 

CL. 

UJ 

s; 

< 

2 

CL 

in  Q.  » 

U 

m Q. 

— * 

C • in 

u_ 

O Q-  x 

u m (D  <D 

h- 

>-  — — 

X 

CL  ID  Q.  -M 

L±J 

o o.  — o 

l_  L_  L= 

(-> 

CD  *j>  3 

to 

< 1/)  < lu 

CM 

ir>  UJ 

a.  < a-  I— 

OCT? 

O a.  — O 

cd  — cC.  cc 

5.  «-» 

a h h D 

< l/l  < VJ 

354 


Appendix  Table  I I 1.9.  (Continued) 


355 


356 


Appendi x Table  111.10.  Summary  of  plant  species  comprising  less 

than  5%  of  the  diet  of  herbivores  based  on 
fecal  analysis  for  Rock  Springs  and  Rawlins 
Districts,  Wyoming.  The  data  are  for  cattle, 
horses,  deer,  elk,  sheep,  bighorn  sheep  and 
pronghorn  antelope. 


cattle 

SPRING  £ SUMMER 

(1) 

FALL  t WINTER 

(1) 

yearly 

SCS 

SCS 

SCS 

PLANT 

SCIENTI PIC  NAME 

PLANT 

SCIENTIFIC  NAME 

PLANT 

SCIENTIFIC  NAME 

CODE 

C00E 

C00E 

ROUTE 

Boute 1 oua 

ARIST 

Ari s t ida 

BROMU 

B romus 

8R0MU 

B romus 

BOUTE 

Boute loua 

CAREX 

Carex 

ELYMU 

E 1 ymus 

BROMU 

8 romus 

P0A++ 

Poa 

PESTU 

Fes  tuca 

CAREX 

Ca  rex 

( FE0C2) 

Vulpia  oc t i f lora 

KOELE 

Koe 1 e r i a 

ELYMU 

E 1 ymus 

01  ST 

Distich lis  stri eta 

P0A++ 

Poa 

PESTU 

Festuca 

AMELA 

Ame 1 anch i er 

SI  TAN 

S i tan i on 

KOELE 

Koe  1 e r i a 

CHRYS9 

Chrysothamnus 

MUHLE 

Muh lenbergi a 

ORHY 

Oryzopsis  hymenoides 

CRYPT 

Cryptantha 

( FE0C2) 

Vulpia  oct i flora 

P0A++ 

Poa 

LESQU 

Lesquerel la 

SP0R0 

Sporobo 1 us 

SI  TAN 

S i tan i on 

PURSH 

Purshi a 

HESPE5 

Hesperoch 1 oa 

( FE0C2) 

Vulpia  oct i flora 

SYMPH 

Symphori carpos 

ATRIP 

At r i p 1 ex 

AMELA 

Ame 1 anch i er 

BERBE 

Berberi s 

CEM02 

Cercocarpus  montanus 

CRYPT 

Cryptantha 

ERIGE2 

Erl geron 

ERIOG 

Eri ogonum 

ELUA5 

Eurotia  lanata 

EQUIS 

Equ i setum 

HALOG 

Ha  1 ogton 

LEPT02 

Leptodacty Ion 

LUPIN 

Lupi nus 

OPUNT 

Opunt 1 a 

0EN0T 

Oenothera 

PURSH 

Pursh i a 

PINUS 

P i nus 

SHEPH 

Shepherdi a 
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SPRING  6 SUMMER 
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FALL  C WINTER 
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SCIENTIFIC  NAME 

PLANT 

SCIENTIFIC  NAME 
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CODE 

CODE 

CODE 

SOUTH 
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B romus 
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Bromus 
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D 1 ST 
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Artemi s i a 
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Poa 

POA-t-t- 

Poa 
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At  r i p 1 ex 

SI  TAN 

S ! Can i on 

SI  TAN 

Si canion 

CHRYS9 

Chrysothamnus 

SPORO 

Sporobolus 

(FE0C2) 

Vu Ipi a oct i f 1 ora 

ELUA5 

Eurot i a lanata 

ARTEM 

Artemi s i a 

ARTEM 

Artemi s i a 

SARCO 

Sarcobotus 

ASTRA 

As  t raga 1 us 

CHRYS9 

Chrysothamnus 

SYMPH 

Symphor i carpos 

ATRIP 

Ac  rip  lex 

GRAY  1 

Gray i a 

SPHAE 

Sphaera Icea 

CHRYS9 

Ch  rysochamnus 

HALOG 

Halogeton 

SAKA 

Sa  1 soa  ka 1 i 

DESCU 

Descura i n i a 

LUPIN 

Lup i nus 

ERIOG 

E r i ogonum 

OPUNT 

Opunt i a 

EULA5 

Eu rot i a I ana t a 

SARCO 

Sarcobotus 

GRSQ 

Grindelia  squarrosa 

SYMPH 

Symphor i carpos 

LEPT02 

Leptodacty Ion 

SPHAE 

Sphaeralcea 

SARCO 

Sarcobotus 

SAKA 

Sal soa  ka 1 i 

RHUS  + 

Rhus 

TETRA3 

Tet  radymi a 
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SPRING  l SUMMER 

(2) 

FALL  6 WINTER 

YEARLY 

scs 

SCS 

SCS 

PLANT 

SCIENTIFIC  NAME 

PLANT 

SCIENTIFIC  NAME 

PLANT 

SCIENTIFIC  NAME 

CODE 

CODE 

CODE 

AGR0P2 

Agropy  ron 

AGR0P2 

Agropy  ron 
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CAREX 

Carex 
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ER(GE2 
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CRYPT 

Cryptantha 
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J un i perus 

ERIGE2 

Er i geron 

LEPT02 

Leptodacty Ion 

JUNIP 

Juni perus 

LESQU 

Lesque  re  1 1 a 

LEPT02 

Leptodacty Ion 

LUPIN 

Lup i nus 

LESQU 

Lesquere 1 1 a 

OPUNT 

Opunt i a 

OPUNT 

Opunt i a 

PURSH 

Pursh 1 a 

PURSH 

Pursh i a 

PINUS 

P i nus 

PINUS 

P i nus 

Unknown  composite 

PSEUD7 

Pseudos  tuga 
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ELK 

SPRING  4 SUMMER 

FALL  & WINTER 

(1) 

YEARLY 

SCS 

SCS 

SCS 

PLANT 

SCIENTIFIC  NAME 

PLANT 

SCIENTIFIC  NAME 

PLANT 

SCIENTIFIC  NAME 

CODE 

CODE 

CODE 

80UTE 

Boute 1 oua 

BOUTE 

Boute 1 oua 

BROMU 

Bromus 

BROMU 

Bromus 

BROMU 

Bromus 

CAREX 

Ca  rex 

CAREX 

Carex 

CAREX 

Carex 

ORHY 

Oryzopsis  hymenoides 

ELYMU 

E 1 ymus 

elymu 

E lymus 

P0A++ 

Poa 

FESTU 

Fes  tuca 

FESTU 

Fes  tuca 

(FE0C2) 

Vu  1 p i a oct i flora 

KOELE 

Koe I e r i a 

KOELE 

Koe 1 e r 1 a 

SP0R0 

Sporobol us 

ORHY 

Oryzopsis  hymenoides 

ORHY 

Oryzopsis  hymenoides 

DIST 

Distich lis  stricta 

P0A++ 

Poa 

POA-m- 

Poa 

ARTEM 

Artemi s i a 

SI  TAN 

S i tan  1 on 

SI  TAN 

S i tan i on 

ASTRA 

As  t raga 1 us 

( FE0C2) 

Vu  1 p i a octi flora 

(FE0C2) 

Vu 1 p i a oct i f lora 

ATRIP 

Atri plex 

ASTRA 

As  t raga 1 us 

SP0R0 

Sporobo 1 us 

CHRYS9 

Chrysothamnus 

ATRIP 

At  r i p 1 ex 

ASTRA 

Astragalus 

CRYPT 

Cryptantha 

AMELA 

Arne  1 anch i e r 

ATRI  P 

At  ri p 1 ex 

EULA5 

Eurotia  lanata 

Borag i naceae 

AMELA 

Ame I anch i e r 

ELAEA 

E I aeagnus 

CEM02 

Cercocarpus  montanus 

AMPH  1 3 

Amph i pappus 

LESQU 

Lesque  re  1 1 a 

CHRYS9 

Chrysothamnus 

BERBE 

Berberi s 

SARCO 

Sarcobotus 

ERIGE2 

Eri geron 

CHRYS9 

Chrysothamnus 

SAKA 

Sa 1 soa  ka 1 i 

EULA5 

Eurotia  lanata 

CRYPT 

Cryptantha 

R0SA+ 

Rosa 

ELAEA 

E 1 aeagnus 

DESCU 

Descura i n i a 

LEPT02 

Leptodacty Ion 

ERIOG 

Eriogonum 

LESQU 

Lesquere 1 la 

GRAY  1 

Grayi a 

LUPIN 

Lup i nus 

HALOG 

Ha logeton 

0EN0T 

Oenothera 

JUNIP 

Jun i pe  rus 

PURSH 

Purshi a 

LEPT02 

Leptodacty Ion 

POTEN 

Potent i 1 1 a 

MERTE 

Mentens i a 

PINUS 

P i nus 

OPUNT 

Opun  t i a 

SARCO 

Sa  rcobotus 

PHLOX 

Phlox 

SYMPH 

Symphori carpos 

PURSH 

Purs h i a 

Unknown  compos i te 

PINUS 

P i nus 

Unknown  forb 

SAKA 

Sa 1 soa  ka 1 i 

Moss 

SHEPH 

Shepherd  i a 

Unknown  forb 

Unknown  seed 

no  comparison,  based  on  Rock  Springs  average  only 
based  on  Rawlins  data  only 
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SHEEP 

SPRING  4 SUMMER 

(1) 

FALL  C WINTER 

(1) 

YEARLY 

SCS 

SCS 

SCS 

PLANT 

SCIENTIFIC  NAME 

PLANT 

SCIENTIFIC  NAME 

PLANT 

SCIENTIFIC  NAME 

CODE 

CODE 

CODE 

8R0MU 

B romus 

BOUTE 

Boute loua 

CAREX 

Carex 

CAREX 

Carex 

8R0MU 

Bromus 

ORHY 

Oryzopsis  hymenoides 

FESTU  ' 

Fes  tuca 

FESTU 

Festuca 

P0A++ 

Poa 

KOELE 

Koe 1 er i a 

ORHY 

Oryzopsis  hymenoides 

(FE0C2) 

Vu 1 p i a oct i f lora 

ORHY 

Oryzopsis  hymenoides 

P0A++ 

Poa 

SPORO 

Sporobolus 

SPORO 

Sporobo 1 us 

SI  TAN 

S i tan i on 

DIST 

Distichlis  stricta 

0 1 ST 

Distichlis  stricta 

MUHLE 

Muh 1 enbergi a 

ARTEM 

Artemi s i a 

AMELA 

Ame 1 anch i er 

( FE0C2) 

Vu 1 pi  a oct i flora 

CHRYS9 

Chrysothamnus 

CEM02 

Cercocarpus  montanus 

SPORO 

Sporobo 1 us 

EULAE2 

Eurotia  lanata 

CHRYS9 

Chrysothamnus 

ARTEM 

Artemi s i a 

PURSH 

Pursh i a 

ERIGE2 

Eri geron 

CHRYS9 

Chrysothamnus 

SYMPH 

Shymphori carpos 

ERIOG 

E r i ogonum 

ERIOG 

Eri ogonum 

SPHAE 

Sphaeralcea 

HALOG 

Ha  1 oge  ton 

GRSP 

Gray i a 

SAKA 

Salsoa  kali 

LEPT02 

Leptodacty Ion 

LEPT02 

Leptodacty Ion 

LUPIN 

Lup i nus 

OPUNT 

Opunt i a 

OPUMT 

Opunt i a 

PHLOX 

Ph  lox 

PURSH 

Pursh i a 

SARCO 

Sarcobotus 

POTEN 

Potent i 1 1 a 

SYMPH 

Symphori carpos 

SARCO 

Sarcobotus 

SPHAE 

Sphae ralcea 

SPHAE 

Sphaeralcea 

SAKA 

Salsoa  kali 

Unknown  compos i te 

VALER 

Valeriana 

Unknown  forb 
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BIGHORN  SHEEP 

SPRING  £ SUMMER 

(2) 

FALL  £ WINTER 

YEARLY 

scs 

SCS 

SCS 

PLANT 

SCIENTIFIC  NAME 

PLANT 

SCIENTIFIC  NAME 

PLANT 

SCIENTIFIC  NAME 

CODE 

CODE 

CODE 

ARIST 

A r i s t i d a 

BROMU 

B romus 

BROMU 

B romus 

ELYMU 

E 1 ymus 

KQELE 

Koe  1 e r i a 

KOELE 

Koe  1 e r i a 

ORHY 

Oryzopsis  hymenoides 

ORHY 

Oryzopsis  hymenoides 

POA-m- 

Poa 

PQA++ 

Poa 

SI  TAN 

S ! Can i on 

SITEN 

S i tan i on 

HESPE5 

Hesperoch loa 

HESPE5 

Hesperoch loa 

ARTEM 

Artemi s i a 

ASTRA 

As  t raga 1 us 

ASTRA 

Astraga lus 

ATRIP 

Atri plex 

ATRIP 

At  r i p 1 ex 

SERBS 

Berberi s 

AMELA 

Ame I anch i e r 

CEM02 

Cercocarpus  montanus 

BERBE 

Berbe  ri s 

CHRYS9 

Chrysothamnus 

CHRYS9 

Ch  rysothamnus 

CRYPT 

Cryptantha 

CRYPT 

C ryptantha 

ERIGE2 

Eri geron 

DESCU 

Descurai n i a 

ERIOG 

Eri ogonum 

ERIGE2 

E r i ge  ron 

JUNIP 

Jun i pe  rus 

ERIOG 

E r i ogonum 

LEPT02 

Leptodacty Ion 

JUNIP 

J un  i pe  rus 

LESQU 

Lesquere 1 1 a 

LEPT02 

Leptodacty Ion 

MELIL 

Me  1 i lotus 

LESQU 

Lesquerel la 

PURSH 

Pursh i a 

MEL  1 L 

Me  1 i lotus 

PINUS 

P i nus 

PINUS 

P i nus 

PSEUD7 

Pseudos  tuga 

PSEUD7 

Pseudotsuga 

Unknown  forb 

SAKA 

Sa 1 soa  kali 

Unknown  shrub 

Unknown  compos i te 

ALLIU 

Allium 

Unknown  seed 

Atennari a 
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ANTELOPE 

SPRING  5 SUMNER 

(1) 

FALL  & WINTER 

(1) 

YEARLY 

scs 

SCS 

SCS 

PLANT 

SCIENTIFIC  NAME 

PLANT 

SCIENTIFIC  NAME 

PLANT 

SCIENTIFIC  NAME 

CODE 

CODE 

CODE 

AGR0P2 

Agropy ron 

AGR0P2 

Agropy ron 

AGR0P2 

Ag ropy ron 

BROMU 

B romus 

BROMU 

B romus 

CAREX 

Carex 

CAREX 

Carex 

CAREX 

Carex 

ORHY 

Oryzopsis  hymenoides 

KOELE 

Koe 1 e r i a 

FESTU 

Fes  tuca 

STIPA 

Stipa 

ORHY 

Oryzopsis  hymenoides 

KOELE 

Koe 1 eri a 

ASTRA 

As  tragalus 

POA-nt- 

Poa 

ORHY 

Oryzopsis  hymenoices 

CHRYS9 

Ch  rysothamnus 

SI  TAN 

SI  tan i on 

SI  TAN 

S i tan i on 

CRYPT 

Cryptantha 

STIPA 

St  i pa 

STIPA 

Stipa 

ELUA5 

Eurotia  lanata 

ATRIP 

At  r i p 1 ex 

ASTRA 

As  t raga 1 us 

ELAEA 

Elaeagnus 

BER8E 

Berberi s 

ATRIP 

Atri plex 

PURSH 

Pursh i a 

CHRYS9 

Chrysothamnus 

DESCU 

Descurai ni a 

CRYPT 

Cryptantha 

ERIOG 

E r i ogonum 

DELPH 

Delphinium 

EULA5 

Eurotia  lanata 

OESCU 

Descurai n i a 

LEPT02 

Leptodacty Ion 

ERIGE2 

Eri geron 

LESQU 

Lesque  re  1 1 a 

GUT  IE 

Gut i errez i a 

LUPIN 

Lup i nus 

HALOG 

Ha logeton 

MELIL 

Me  1 i lotus 

JUNIP 

Juni perus 

OPUNT 

Opunti a 

. LEPT02 

Leptodacty Ion 

OENOT 

Oenothe  ra 

LESQU 

Lesquere  1 ! a 

PHLOX 

Ph  1 ox 

LUPIN 

Lupi nus 

PURSH 

Purshia 

MELIL 

Mel i lotus  . 

SYMPH 

Symphori ca  rpos 

OPUNT 

Opunti a 

OENOT 

Oenothera 

PHLOX 

Ph  1 ox 

PURSH 

Pu  rsh i a 

SARCO 

Sarcobotus 

SYMPH 

Symphori carpos 

SPHAE 

Sphae  ra 1 cea 

SAKA 

Sa 1 soa  ka 1 i 

STIEPH 

Shepherdi a 

POTEN 

Poten  t i 1 1 a 

RHUS-t- 

Rhus 

TETRA3 

Tetradymi a 

VALER 

Va 1 er i ana 

YUCCA 

Yucca 

ROSA* 

Rosa 

Unknown  forb 

Unknown  seed 

Moss 

Unknown  borage 
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Appendix  Figure  IV. 1.  Presentation  of  the  botanical  composition  of  large 

herbivores  of  equal  to  or  greater  than  5 percent. 
Large  pages  measure  11x17  inches.  Standard  pages 
measure  8.5x11  inches. 
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C)  FORBS 

0)  SHRUBS 
E)  OTHER 


(FIRST  GROUP)  3pp. 


(SECOND  GROUP)  OF  3pp 


(THIRD  GROUP)  OF  3pp. 


SHEEP  - Table  83 


A)  GRASSES 


2pp. 


8)  FORBS 


2pp. 
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ANIMAL  SPECIES 


PLANT  SPECIES  MUMPER  OF  PAGES 


PRCNSHQRN  ANTELOPE  - Table  89 
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B)  FORBS 


C)  SHRUBS 
0)  OTHER 


3pp. 


3pp. 


WHITETAIL  DEER  - Table  B 1 3 
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Ipp.  each 
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A)  GRASSES 

B)  FORBS  2pp. 

C)  SHRUBS 


ELK  - Table  B 1 5 


A)  GRASSES 

B)  FORBS  2pp. 

C)  SHRUBS 


PAPER  SIZE 


3 LARGE 


3 LARGE 


2 STANDARD 


1 STANDARD 


2 STANDARD 
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Appendix  Table  !V„2. 


Cattle,  additional  diet 
proportion  of  less  than 
sci ent i f i c II terature. 


components  with  composition 
5 percent  compiled  from  the 


SCS 

REFERENCE 

TREATMENT/SEASON 

PLANT 

SCIENTIFIC  NAME 

CODE 

C-  10 

BRRU2 

Bromus  rubens 

HIR1 

Hi laria  rigida 

STSP3 

Stipa  speciosa 

KRPA 

Krameri a parvi folia 

AGPA3 

Agave  palmeri 

OPUNT 

Opuntia  sp. 

YUNE2 

Yucca  newberryi 

T 1 OB 

Ti des  tromi a ob long! folia 

PHC01 5 

Phragmi tes  communis 
Seed 

ASTRA 

Astragalus  sp, 

OXYTR 

Oxy tropi s sp. 
Li chen 

C-  12 

Spring/Summer 

ARIST 

Aristida  sp. 

ARCA1 A 

Artemi sia  carruthi 

PAHA 

Pan i cum  ha! 1 i i 

GUSA2 

Gutierrezia  sarothrae 

SIHY 

S i tan i on  hy s t r i x 

QUUN 

Quercus  undulata 

PEPA2 

Pectis  papposa 

MUT02 

Muhlenbergia  torrey i 

Fa i 1 /Wi n ter 

BOCU 

Bouteloua  curtipendula 

GUSA2 

Gutierrezia  sarothrae 

SPCO 

Sphaeralcea  cocc i nea 

PAHA 

Panicum  hal 1 i i 

PEPA2 

Pectis  papposa 

BEHA 

Berber! s haematocarpa 

ATCA2 

Atriplex  canescens 

SIHY 

Si  tan  ion  hystrix 

MUT02 

Muhlenbergia  torrey I 

LEGO 

Lesquere  1 la  gordonii 

1 

O 

EULA5 

Eurotia  lanata 

ORHY 

Oryzopsis  hymenoides 

CERCO 

Cercocarpus  sp . 

DANTH 

Danthonia  sp. 

AMUT 

Amelanchier  utahens i s 

ARTR2 

Artemi sia  tr i dentata 

C-  16 

ORHY 

Oryzops i s hymenoides 

EULA5 

Eurotia  lanata 

FESTU 

Festuca  sp. 

AMUT 

Amelanchier  utahensis 

LESQU 

Lesquerel la  sp. 

CHRYS9 

Chrysothamnus  sp. 

PIED 

Pi nus  edul is 

BERBE 

Berber! s sp. 

SYMPH 

Symphoricarpos  sp. 

MERTE 

Mertens ia  sp. 

JUNIP 

Jun i perus  sp. 

- 

CEM02 

Cercocarpus  roontanus 

C-  19 

Sprl ng/Summer 

STC04 

Stipa  comata 

BUDA 

Buchloe  dactyloides 

Fa  1 1 /Wi nter 

SPCO 

Sphaeralcea  cocci nea 

BUDA 

Buchloe  dactyloides 

C-  20 

Others  (Unidentified) 

C-  21 

Summer 

SPAN3 

Sphaera 1 cea  augusti folia 

SPCO 

Sphaeralcea  coccinea 

Wi nter 

SPAN  3 

Sphaeralcea  augustifolia 

SPCO 

Sphaeralcea  coccinea 

VER8E 

Verbena  sp. 
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(Conti nued) 


SCS 

REFERENCE 

TREATMENT/SEASON 

PLANT 

SCIENTIFIC  NAME 

CODE 

C-  22 

DANTH 

Danthonia  sp. 

FESTU 

Festuca  sp. 

CAREX 

Carex  sp. 

ELYMU 

Elymus  sp. 

EULA5 

Eurotia  lanata 

CERCO 

Cercocarpus  sp. 

KOCR 

Koeleria  cristata 

ARTR2 

Artemisia  tridentata 

PUTR2 

Purshia  tridentata 

PIED 

P i nus  edu 1 i s 

AMUT 

Amelanchier  utahensis 

C-  23 

AGSM 

Agropyron  smi thi i 

BLTR 

B lepharoneuron  trichoiepis 

B0GR2 

Bouteloua  gracilis 

CAIN 

Ca 1 amagros t i s inexpansia 

CAHE5 

Carex  hel iophi la 

DAPA2 

Danthonia  parryi 

POPR 

Poa  pratensis 

STC04 

Stipa  comata 

STR03 

Stipa  robusta 

ARFE3 

Arenaria  fendleri 

CHAL7 

Chenopodium  album 

ERFL 

Erigeron  flagellaris 

GEPA2 

Geranium  parryi 

MEOF 

Melilotus  officinalis 

POAV 

Polygonum  aviculare 

CHV  1 8 

Chrysothamnus  vi sci d i f lorus 

C-  24 

ROBR 

Rosa  bracteata 

C-  27 

FESTU 

Festuca  sp. 

DESCU 

Descurainia  sp. 

PHLOX 

Phlox  sp. 

ERIGE2 

Erigeron  sp. 

POSE 

Poa  secunda 

LUPIN 

Lupinus  sp. 

C-  28 

Annual  Average 

CAREX 

Carex  sp. 

*FESTU 

Vulpia  sp. 

ARTEM 

Artemisia  sp. 

SAVE4 

Sarcobatus  vermiculatus 

P0A++ 

Poa  sp. 

CRYPT 

Cryptantha  sp. 

DIST 

Di st ichl i s s tr ic ta 

PUTR2 

Purshia  tridentata 

ASTRA 

Astragalus  sp. 

OXYTR 

Oxytropis  sp. 

SYMPH 

Symphoricarpos  sp. 

LESQU 

Lesquerel la  sp. 

CHNA2 

Chrysothamnus  nauseosus 

C-  29 

July,  August, 

Least  Lud i ne 

October 

CAR05 

Carex  ross i i 
Pink  microseris 
Nodding  microseris 

C-  30 

Light  Stocking 

KOSC 

Koch  la  scoparia 

EREF 

Erigonum  effusum 

ARL03 

Aristida  longiseta 

BUDA 

Buchloe  dactyloides 

ARFR4 

Artemisia  frigida 

Forbs 

Shrubs 

Grasses  and  Grasslike 

Heavy  Stocking 

0EC02 

Oenothera  coronopi fo! ia 

STC04 

Stipa  comata 

PSTE3 

Psoralea  tenuiflora 

KOSC 

Kochia  scoparia 

BUDA 

Buchloe  dactyloides 

ARFR4 

Artemisia  frigida 
Grasses  and  Grasslike 
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SCS 

REFERENCE 

TREATMENT/SEASON 

PLANT 

SCIENTIFIC  NAME 

CODE 

C-  44 

Unfert i 1 i zed  f 

BRAR3 

Bromus  arenarius 

BRRU2 

Bromus  rubens 

TRIFO 

Tri fol i urn  sp. 

ERBO 

E rod i urn  botrys 

Fert i 1 i zed 

BRAR3 

Bromus  arenarius 

8RRU2 

Bromus  rubens 

BRRI 

Bromus  rigidus 

HOLE 

Hordeum  leporinum 

TRIFO 

Tr i fol i urn  sp . 

ERBO 

E rod i urn  botrys 

C-  60 

Esophageal 

ARFR4 

Artemisia  frigida 

Cl  UN 

Ci rs i urn  undu latum 

EREF 

Eriogonum  effusum 

BUDA 

Buchloe  dactyloides 

0EC02 

Oenothera  coronop i fol i a 

PSTE3 

Psoralea  tenuiflora 

SPCR 

Sporobolus  cryptandrus 

ASTRA 

Astragalus  sp. 

KOSC 

Kochia  scoparia 

ERD  1 

Erigeron  divergens 

Feca  1 

KOSC 

Kochia  scoparia 

0EC02 

Oenothera  coronopi fo! ia 

ARFR4 

Artemisia  frigida 

Cl  UN 

C i rs i urn  undu I a turn 

SPCR 

Sporobolus  cryptandrus 

STC04 

Stipa  comat a 

BUDA 

Buchloe  dactyloides 

ASTRA 

Astragalus  sp. 

PSTE3 

Psoralea  tenuiflora 

ERDI  4 

Erigeron  divergens 

C-  65 

May-October 

CHAL7 

Chenopodium  album 

C-  66 

June-September 

MUHLE 

Muhlenbergia  sp. 

CEM02 

Cercocarpus  montanus 

STIPA 

Stipa  sp . 

AGR0P2 

Agropyron  sp. 

LESQU 

Lesquere 1 1 a sp . 

CHRYS9 

Chrysothamnus  sp. 

ARIST 

Aristida  sp. 

PIED 

Pinus  edulus 

ERIGE2 

Erigeron  sp. 

SHEPH 

Shepherdia  sp. 

C-  70 

Seeded 

BUDA 

Buchloe  dactyloides 

CHAL7 

Chenopodium  album 

Native 

BOCU 

Bouteloua  curtipendula 

CHAL7 

Chenopodium  album 

Old  Field 

CHAL7 

Chenopodium  album 

C-  71 

Native  Meadow 

CHAL7 

Chenopodium  album 

Winter  Range 

JUBA 

Juncus  bal ticus 

MUMO 

Muhlenbergia  montana 

ARFR2 

Artemesia  frigida 

AGSC5 

Agrostis  scabra 

FEAR2 

Festuca  arizonica 

BOGR2 

Bouteloua  graci 1 is 

ARFE3 

Arenaria  fendleri 

GLST 

Glyceria  striata 

PHPR3 

Phleum  pratense 

Fall,  Hay  Meadow 

PHPR3 

Phleum  pratense 

Regrowth 

AGSM 

Agropyron  smith ii 

TRPR2 

TVifoltum  pratense 
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REFERENCE 

TREATMENT/SEASON 

PLANT 

SCIENTIFIC  NAME 

CODE 

Spr i ng/Summer , 

KQCR 

Koeleria  cristata 

Native  Bunch- 

POPR 

Poa  pratensis 

grass  Range 

STC0i4 

Stipa  comata 

CAHE5 

Carex  hel iophi la 

POAV 

Polygonium  av i cu 1 are 

ARFE3 

Arenaria  fendleri 

DAPA2 

Danthonia  parryi 

STR03 

Stipa  robusta 

MEOF 

Meliotus  officinalis 

BLTR 

Blepharoneuron  tricholepsis 

CHV 1 8 

Chrysothamnus  v i sc i d i f 1 or i s 
Astragalus  striatus 

GEPA2 

Geranium  parryi 

Fal 1 , Native 

CAIN 

Ca 1 amagros t i s inexpansa 

Bunchgrass 

KOCR 

Koeleria  cristata 

B0GR2 

Bouteloua  graci 1 is 

FEAR2 

Festuca  arizonica 

P0PE8 

Potentilla  pennsylvanica 
Astragalus  striatus 

STC04 

Stipa  comata 

ERFL 

Erigeron  flagel laris 

C-  72 

Summer 

STPU2 

Stipa  pulchra 

CYDA 

Cynodon  dactylon 

A1CA 

Ai ra  carophy 1 1 ea 
Gassium  parisiense 

C-  1U 

Spring 

KOSC 

Kochia  scoparis 

ARFI  2 

Artemesia  fill fol ia 

SPCR 

Sporobolus  cryptandrus 

SPCO 

Sphaeratcea  ciccinea 

CHAL7 

Chenopodium  album 

SAKA 

Sa 1 sol  a kali 

Summer 

ARFI  2 

Artemi s i a f i 1 i fol i a 

SAKA 

Sa 1 so  1 a kali 

SPCO 

Sphaeralcea  coccinea 

CHAL7 

Chenopodium  album 

Fall 

SAKA 

Salsola  kal i 

CHAL7 

Chenopodium  album 

SPCO 

Spaeralcea  coccina 

ANHA 

Andropogon  ha  1 1 i i 

C-  75 

Seeded 

KOCHI 

Kochia  sp. 

AGSM 

Agropyron  smith! i 

Old  Field 

KOCHI 

Kochia  sp. 

C-  76 

Spr i ng/Summer 

ARIST 

Ar i s t ida  sp . 

LEFE 

Lesquerella  fendleri 

CHENO 

Chenopodium  sp. 

HYPO 

Hymenopappus  robustus 

t 

CRC01 1 

Croton  corymbulosus 

' 

LELA 

Lepidum  lasiocarpum 

PORTU 

Portulaca  sp. 

SAKA 

Salsola  kal i 

DIWI 

Di thyrea  wi s 1 i zeni i 

PSTA 

Psilostrophe  tagetina 

EPTO 

Ephedra  torreyana 

Fall /W i nter 

ARIST 

Aristida  sp. 

CRCR3 

Cryptantha  crassisepala 

PEWR3 

Perezia  wright i i 

CHENO 

Chenopodium  sp. 

CRC01 1 

Croton  corymbulosus 

DIWI 

Dithyrea  wislizenii 

YUEL 

Yucca  elata 

EPTO 

Ephedra  torreyana 

co 

f^v 

i 

o 

December 

Prairie  sand  reed 
Unidentified  forbs 
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REFERENCE 

TREATMENT/SEASON 

PLANT 

CODE 

SCIENTIFIC  NAME 

C-  80 

Summer 

CYDA 

Cynodon  dactylon 

DAPU3 

Daucus  pus i 1 1 us 

CARDU 

Carduus  sp. 

ORTHO 

Orthocarpus  sp. 

MADIA 

Madia  sp. 

LICI 

Li nanthus  c i 1 i atus 

GAPA5 

Galium  pari siense 

LUBI 

Lupinus  bicolor 

PLAGI 

Plagiobothrys  sp. 

SIGA 

S i 1 ene  ga 1 1 i ca 

TONO 

Tor i 1 1 is  nodosa 

HORDE 

Hordeum  sp. 

MICA 

Micropus  californicus 

Cl  RSI 

Ci  rsi urn  sp. 

- 

CYEC 

Cynosurus  echinatus 

VERAT 

Veratrum  sp. 

GODET 

Godetia  sp. 

LOMU 

Lol  i urn  multi  f lorum 

NAVAR 

Navarretia  sp. 

GITR2 

Gi  1 ia  tri color 

BRMI2 

Briza  minor 
Spanish  moss 

ACHYR 

Achy rachaena  mollis 

CERAS 

Cerastium  sp. 

JUNCU 

Juncus  sp. 

ANAR 

Anaga  1 1 i s arvens i s 

ELCA5 

Elymus  caput-medusae 

C-  8l 

September- 

CAER 

Ca 1 1 i andra  erlophylla 

December 

0PEN2 

Opuntia  engelmannii 

C-  83 

Summer  (Sage- 

JUNCU 

Juncus  sp. 

brush-Grass) 

BASA3 

Balsamorhiza  sagittata 

SYRO 

Symphor i carpos  rotund! folia 

ATRIP 

Atriplex  sp. 

ARTR2 

Artemisia  tridentata 

Sumner  (Desert 

EPNE 

Ephedra  nevadensis 

Shrub) 

ATRIP 

Atriplex  sp. 

Spr i ng/Summer 

Brigham  tea 

(I960) 

CORA 

Coleogyne  ramosissima 

Fal I/Winter 
(I960) 

ATRIP 

Atriplex  sp. 

c-  85 

Summer 

ELCI2 

Elymus  cinereus 

Wi nter 

ERIOG 

Eriogonum  sp. 

C-  87 

Spr i ng/Summer 

ANHA 

Andropogon  hal 1 i i 
Sun  sedge 

AGSM 

Agropyron  smith ii 

SPCR 

Sporobolus  cryptandrus 
Summer  cypress 

ARFI2 

Artemi sia  f i 1 i fol ia 

AMBRO 

Ambrosia  sp. 

SALSO 

Salsola  sp. 

ARGL9 

Cudweed  sagewort 

IPLE 

Ipomoea  leptophyl la 

YUCCA 

Yucca  sp. 

PHYSA 

Physal i s sp. 
Rushpea  sp. 
Puccoon  sp. 

HAPL02 

Haplopappus  sp. 
Blackdot  legume 

Fal 1 /Wi nter 

ARFI2 

Artemis i a fill fo! i a 

SPCR 

Sporobolus  cryptandrus 

YUCCA 

Yucca  sp. 

AGSM 

Agropyron  smi th i i 

AMBRO 

Ambrosia  sp. 
Sun  sedge 

SALSO 

Salsola  sp. 

HEL 1 A3 

Helianthus  sp. 
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REFERENCE 

TREATMENT/SEASON 

PLANT 

SCIENTIFIC  NAME 

CODE 

C-  92 

Summer 

ARL03 

Erioneuron  puchellum 
Aristida  longiseta 

APRA 

Aphanos tephus  ramoslssimus 

GAILL 

Gai 1 lardia  sp. 

HODE 

Hof fmanansegg i a densiflora 

SAKA 

Sal  sola  kal  i 

SOEL 

Solarium  eleaqni  fol  i urn 

DIWI 

Di thy rea  wi s 1 i zen i 

SELO 

Senecio  longilobus 

CABA6 

Cassia  bauhinoides 

PSTA 

Psilostrophe  tagetinae 

PRJU 

Prosopsis  juli flora 

YUEL 

Yucca  elata 

Wi nter 

SEMA5 

Erioneuron  puchellum 
Setaria  macrostachya 

ARL03 

Aristida  longiseta 

DALEA 

Da  lea  sp. 

SAKA 

Sa 1 sol  a kali 

SOEL 

Solanum  eleagni fol i urn 

DIWI 

Di thyrea  wi s 1 i zen i 

SELO 

Senecio  longilobus 

PSTA 

Psilostrophe  tagetinae 

C-  99 

Fall 

ARL03 

Aristida  longiseta 

HIMU2 

H i 1 ar i a mu 1 1 1 ca 

MUAR 

Muhlenbergia  arenacea 

MUP02 

Muhlenbergia  porteri 

PAHA 

Pan icum  hal 1 i i 

PAOB 

Panicum  obtusum 

SPA  1 

Sporobolus  airoides 

TRPU2 

Tridens  pulchellus 

B0BA2 

Bouteloua  barbata 

MUSQ 

Munroa  squarrosa 

ALIN 

A1 1 ion ia  i ncarnata 

BAAB 

Bah i a abs i nthi fol i a 

BAMU 

Baileya  multiradiata 

CI0C2 

Cirsium  ochrocentrum 

ERCA1 A 

Erysimum  capitatum 

LEFE 

Lesquerella  fendleri 

MELE2 

Melampodium  1 eucanthus 

PENA 

Perez i a nana 

SOEL 

Solanum  el aegni fol ium 

SPSU 

Sphaeralcea  subhastata 

ZIGR 

Zinnia  grandiflora 

CON  13 

Corispermum  nitidum 

DIWI 

Di thyrea  wi s 1 i zeni 
Guitierrezia  sphaerocepha la 

HODE 

Hof fmannseggia  densiflora 

TRTE 

TribuVus  terrestr i s 

ATCA2 

Atriplex  canescens 
Flourensia  cernua 

GUSA2 

Guitierrezia  sarothrae 

YUEL 

Yucca  elata 

Wi  nter 

ARL03 

Aristida  longiseta 

BOCU 

Bouteloua  curt i pendula 

HIMU2 

Hi laria  mutt  lea 

MUAR 

Muh 1 enberg i a arenacea 

PAHA 

Panicum  hal 1 i i 

PAOB 

Panicum  obtusum 

SPAI 

Sporobolus  ai roides 

TRPU2 

Tridens  pulchel lus 

BAAB 

Bah i a abs i nthi fo 1 ia 

CRC01 1 

Croton  corymbulosus 

LEFE 

Lesquerella  fendleri 

PENA 

Perezia  nana 

PSTA 

Psilostrophe  tagetinae 

SPSU 

Sphaeralcea  subhastata 

ZIGR 

Zinnia  grandiflora 
Descurainla  menziesi 
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REFERENCE 

TREATMENT/SEASON 

PLANT 

SCIENTIFIC  NAME 

CODE 

OIWI 

Di thy rea  wi s 1 i zeni 

I VDE 

1 va  dealbata 

MEAL6 

Mentzel ia  albicaul is 

SAKA 

Sa 1 sola  kali 

EPTR 

Ephedra  trifurca 
Flourensia  cernua 

GUSA2 

Guitierrezia  sarothrae 

PRJU 

Prosopsis  juliflora 

Spring 

BOER** 

Bouteloua  eriopoda 

HIMU2 

H i 1 ar i a mut t i ca 
Sporobolus  brevifolius 

TRPU2 

Tridens  pulchel lus 

BAAB 

Bahia  abs i n th i f ol i a 

CHCO 

Chamaesa racha  coniodes 

LEFE 

Lesquerel la  fendleri 

MELE2 

Melampodium  leucanthum 

SPSU 

Shpaeralcea  subhastata 

APRA 

Aphanostephus  ramoss i ss imus 

CRCR3 

Cryptantha  crassisepala 
Descurainia  menziesi 

OIWI 

Di thyrea  wis 1 i zen i 

1 VDE 

1 va  dealbata 

MEAL6 

Mentzel ia  albicaul is 

NAHI 

Nama  hispidum 

PHIN2 

Phacelia  intermedia 

SAKA 

Salsola  kal i 

ATCA2 

At r i p 1 ex  canescens 

GUSA2 

Guitierrezia  sarothrae 

Summer 

MUAR 

Muhlenbergia  arenacea 

PAOB 

Pan i cum  obtusum 

TRPU2 

Tridens  puichellus 

BOAR 

Bouteloua  aristoides 

B0BA2 

Bouteloua  barbata 

ALIN 

A1 1 ionia  incarnata 

BAMU 

Baileya  multi  rad iata 

MELE3 

Melampodium  leucanthus 

PSTA 

Psilotrophe  tangetinae 

SPHA 

Sphaeralcea  subhastata 

ZIGR 

Zinnia  grandiflora 

APRA 

Aphanostephus  ramoss i ss imus 

1 VDE 

Iva  dealbata 

SAKA 

Salsola  kali 

ATCA2 

Atriplex  canescens 

EPTR 

Ephedra  trifurcata 
Flourensia  cernua 

PRJU 

Prosopsis  juliflora 

YUEL 

Yucca  elata 

C-  100 

Heavy  Use 

BUDA 

Buchloe  dactyloides 

KOSC 

Kochia  scoparia 

OENOT 

Oenothera  sp . 

Medium  Use 

BUDA 

Buchloe  dactyloides 

OENOT 

Oenothera  sp. 

Light  Use 

BUDA 

Buchloe  dactyloides 

ARIST 

Ar  i s t ida  sp . 

ERIOG 

Eriogonum  sp. 

KOSC 

Kochia  scoparia 

C-  101 

PRJUV 

Prosopsis  juliflora  var. 

velut ina 

CAER 

Calliandra  eriophy 1 la 

0PEN2 

Opuntia  englemannii 

C-102 

Summer 

B0GR2 

Bouteloua  gracilis 

STRI2 

Stipa  richardsoni 

GLLE 

Glycyrrhiza  lepidota 

PRVI 

Prunus  virginiana 

SYMPH 

Symphoricarpos  sp. 

Early  Fal 1 

GLLE3 

Glycyrrhiza  lepidota 

PRVI 

Prunus  virginiana 
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REFERENCE 

TREATMENT/SEASON 

PLANT 

SCIENTIFIC  NAME 

CODE 

C-  04 

HI  JA 

H i la  r I a j ames i i 

PAOB 

Panicum  obtusum 

ARIST 

Ar i s t i da  sp . 

MUR  1 

Muhlenbergia  richardsonis 

MUT02 

Muhlenbergia  torreyi 

C-  105 

ARL03 

Arlstida  longiseta 

BUDA 

Buchloe  dactyloides 

MUT02 

Muhlenbergia  torreyi 

SCPA 

Schedonnardus  paniculatus 

SPCR 

Sporobolus  cryptandrus 

AGCR 

Agropyron  cristatum 

BRTE 

Bromus  tectorum 

CAFI 

Carex  f i 1 i fol i a 

FE0C2 

Festuca  octoflora 

ORHY 

Oryzopsis  hymenoides 

SIHY 

Sitanion  hystrix 

STC04 

Stipa  comata 

AM  RE 

Amaranthus  retroF 1 exus 

- 

chlel 

Chenopodi um  leptophy 1 lum 

C I UN 

Cirsium  undulatum 

CLSE 

Cleome  serrulata 

C0CA5 

Conyza  canadensis 

ERDIk 

Erigeron  d i vergens 

ERIGE2 

Erigeron  sp. 

EVNU 

Evolvulus  nut ta 1 1 i anus 

GAC05 

Gaura  coccinea 
Heterotheca  villosa 

KOSC 

Kochi  a scoparia 

LIPU 

Liatris  punctata 

MEL1L 

Me  1 i lotus  sp . 

M 1 L 1 3 

M i rabi 1 i s 1 i near i s 

OEAL 

Oenothera  albiculis 

0EC02 

Oenothera  coronop i fo 1 i a 

PSTE3 

Psoralea  tenuiflora 

RAC03 

Ratibida  columniFera 

SAKA 

Salsota  kal i 

SOSE^ 

Sophora  serica 

STPAk 

Stephanomeria  pauci Flora 

THME 

Thelesperma  megapotami cum 

VEBR 

Verbena  bracteata 

ALTE 

Allium  text i 1 e 

*MATA2 

Aster  tanacetiFol ius 

ASTRA 

Astragalus  sp. 

BAOP 

Bahia  oppos i t i Fol i a 

CRYPT 

Cryptantha  sp. 

CYMO 

Cymopterus  montanus 

OEPI 

Descurainia  pinnata 

ERBE2 

Erigeron  bel 1 idiastrum 

LARE 

Lappula  redowski 

LEDE 

Lepidium  densiFlorum 

LELU 

Lesquerel la  ludoviciana 

LI  IN2 

Lithospermum  incisum 

LUPU 

Lup i nus  pus i 1 1 us 

0XLA3 

Oxytropis  lambertii 

*PLPAG 

Plantago  purshi i 

TOGR 

Townsendia  grandiFlora 

ARFI 

Artemi s ia  Fi 1 i fol ia 

ATCA2 

Atriplex  canescens 

CHNA2 

Chrysothamnus  nauseosus 

EREF 

Eriogonum  eFfusum 

GUSA2 

Guitierriza  sarothrae 

YUGL 

Yucca  glauca 

OPPO 

Opuntia  polyacantha 
Parmelia  chlorochroa 

t 


*Nomencl ature  or  authority  change  since  time  of  publication 
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Appendix  Table  IV. k. 


Sheep,  add 
proport i on 
scientific 


tional  diet  components 
of  less  than  5 percent 
1 i terature. 


wi th  compos i 1 1 on 
comp i led  from  the 


SCS 

REFERENCE 

TREATMENT/SEASON 

PLANT 

SCIENTIFIC  NAME 

CODE 

S-  7 

ASIN3 

Aster  i ntegri fol ius 

LIFI 

L 1 gust i cum  f i 1 ic i num 

HAFL2 

Hackelia  floribunda 

GEVI2 

Geranium  viscoss i ss imum 

OSOC 

Osmorhiza  occidental  is 

DEOC 

Delphinium  occidentale 

SECR 

Senecio  crassulus 

ACM  12 

Achi 1 lea  mi  1 lefol i urn 
Unidentified  forbs 

S-  8 

P0AL2 

Poa  alpina 

CAAL6 

Carex  albo-nigra 

CAB  15 

Carex  bigelowi i 

CAEB 

Carex  ebenea 

CAEL3 

Carex  elynoides 

CAOBL 

Carex  obtusata 

DECA5 

Deschampsia  caespitosa 

KOCR 

Koeleria  cristata 

BEAL 

Besseya  alpina 

SEST2 

Sedum  stenopetalum 

POFE 

Poa  fend leri ana 

S-  12 

Spri ng/Summer 

BOCU 

Bouteloua  curtipendula 

PAHA 

Pan i cum  ha  1 1 i i 

GUSA2 

Gutierrezia  sarothrae 
Lemonweed 

BEHA 

Berberis  haematocarpia 

S1HY 

Sitanion  hystrix 

LEGO 

Lesquerella  gordonii 

Fal l/Wi nter 

ARIST 

Ar  i st i da  sp . 

BOCU 

Bouteloua  curtipendula 

QUUN 

Quercus  undulata 

LYPH 

Lycurus  phleoides 

PAHA 

Panicum  hal 1 i i 

GUSA2 

Gutierrezia  sarothrae 
Lemonweed 

ASTRA 

Astragalus  sp. 

SIHY 

S i tan  ion  hystrix 

BEHA 

Berberis  haematocarpa 

SPCR 

Sporobolus  cryptandrus 

S-  28 

Annual  Average 

ARTEM 

Artemisia  sp. 

EULA5 

Eurotia  lanata 

PUTR2 

Purshia  tridentata 

ORHY 

Oryzopsis  hymenoides 

CAREX 

Carex  sp. 

BROMU 

Bromus  sp. 

*FESTU 

Vulpia  sp. 

P0A++ 

Poa  sp. 

SAKA 

Salsola  kal i 

SYMPH 

Symphoricarpos  sp. 

SPORO 

Sporobolus  sp. 

CHNA2 

Chrysothamnus  nauseosus 

SPHAE 

Sphaeralcea  sp. 

DIST 

DIstichl is  stricta 

S-  J»6 

Location  1 Good 

CHVIS 

Chrysothamnus  stenophyllus 

ARTR2 

Artemisia  tridentata 

SPHAE 

Sphaeralcea  sp. 

Loaction  1 Poor 

STCO  U 

Stipa  comata 

SPHAE 

Sphaeralcea  sp. 

SAKA 

Salsola  kal i 

Location  2 Good 

SI  TAN 

Si tanion  sp. 

ARIST 

Aristida  sp. 

SPCR 

Sporobolus  cryptandrus 

ARTR2 

Artemisia  tridentata 

SPHAE 

Sphaeralcea  sp. 

SAKA 

Salsola  kal i 
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(Conti nued) 


scs 

REFERENCE 

TREATMENT/SEASON 

PLANT 

SCIENTIFIC  NAME 

CODE 

Location  2 Poor 

ARIST 

Ari st ida  sp. 

STCOif 

Stipa  comata 

SPCR 

Sporobolus  cryptandrus 

SPHAE 

Sphaeralcea  sp. 

SAKA 

Sal  sola  kali 

S-  k7 

ARSP5 

Artemisia  spinescens 

EPNE 

Ephedra  nevadensis 

GRSP 

Grayis  spinosa 

GUSA2 

Gutierrezia  sarothrae 

AGSP 

Agropyron  spicatum 

ARL03 

Aristida  longiseta 

B0GR2 

Boute loua  grac i 1 i s 

BRTE 

Bromus  tectorum 

HIJA 

Hi  lari  a j antes  i i 

SIHY 

Si tanion  hystrix 

STCOit 

Stipa  comata 

TRPI2 

Trioda  pi losa 

SAKA 

Salsola  kali 

S-  57 

Spr i ng 

PRVI 

Prunus  virginiana 

CAREX 

Carex  sp. 

Festuca  subra 

Summer 

AGSP 

Agropyron  spicatum 

POPR 

Poa  pratensis 

Spring  - Sage 

ARARN 

Artemesia  nova 

Oak  Range 

ARTR2 

Artemesia  tridentata 

PUTR2 

Purshia  tridentata 

QUGA 

Quercus  gambelii 

CAL  lit 

Castilleja  1 inar iaefol ia 

ERIGE2 

Erigeron  sp. 

SIHY 

S i tan i on  hystr  i x 

STCOit 

Stipa  comata 

STL  E 4 

Stipa  lettermani 

Spri ng  - Pi nyon 

CAL  14 

Castilleja  1 inariaefol ia 

Juniper  Range 

ERIGE2 

Erigerion  sp. 

AGSP 

Agropyron  spicatum 

SIHY 

Sitanion  hystrix 

STCOit 

Stipa  comata 

STLE'i 

Stipa  lettermani 

s-  58 

ERODI 

£ rod! urn  sp. 

ADFA 

Adenostoma  fasciculatum 

TRAE 

Triticum  aestivum 

QUDU 

Quercus  dumosa 

TRIFO 

Tri fol i urn  sp. 

BRODI 

Brodiaea  sp. 

QUERC 

Quercus  sp. 

EQUIS 

Equisetum  sp. 

RANUN 

Ranunculus  sp. 

QUDO 

Quercus  douglasi i 

V 1 C 1 A 

Vicia  sp. 

QUWIZ 

Quercus  wisl i zeni i 

ARCT03 

Arctostaphy los  sp. 

QULO 

Quercus  lobata 

RHOI 

Rhus  diversi loba 

SAL  IX 

Sa 1 i x sp . 

MEHI 

Medicago  hispida 

ARME 

Arbutus  mens i es i i 

CECU 

Ceanothus  cuneatus 

CEIN3 

Ceanothus  integerrimus 

RHTR 

Rhus  tri lobata 

MESA 

Medicago  sativa 

Usneaceae 

CEME2 

Centaurea  melitensis 

Compos i tae 

SIGA 

S i 1 ene  ga 1 1 ica 

CLARK 

Clarkia  sp. 

Polypodiaceae 

391 


Appendix  Table  IV. h. 


(Cont i nued) 


SCS 

REFERENCE 

TREATMENT/SEASON 

PLANT 

SCIENTIFIC  NAME 

CODE 

S-  59 

ORHY 

Oryzopsis  hymenoides 

ARTRl) 

Artemisia  tripartita 

ALLIU 

Allium  sp . 

COUM 

Comandra  umbellata 

SEIN2 

Senecio  integerrimus 

S-  63 

Area  ! : Light 

ATCO 

Atriplex  confert i fol ia 

Stock! ng 

HI  JA 

Hi  1 a r i a james i i 

EPNE 

Ephedra  nevadensis 

Area  1 : Heavy 

ATCO 

Atriplex  confert i fol i a 

Stock i ng 

EPNE 

Ephedra  nevadensis 

Area  1 1 : Light 

ATCO 

Atriplex  confert i fo 1 i a 

Stock! ng 

ARARN 

Artemisia  nova 

Area  1 1 : Heavy 

ATCO 

Atriplex  confert i fol ia 

Stocking 

ARARN 

Artemisia  nova 

Area  III:  Light 

ATCO 

Atriplex  conferti fol ia 

S tocki ng 

EULA5 

Eurotia  lanata 

Area  III:  Heavy 
Stock! ng 

ATCO 

Atriplex  confert i fol ia 

Area  IV:  Light  £ 
Heavy  Stocking 

ATCO 

Atriplex  confertifol ia 

S-  6 ^ 

Summer  ig6i« 

CHV 1 8 

Chrysothamnus  viscidif lorus 

POSE 

Poa  secunda 

EUROT 

Eurotia  sp. 

CAOBit 

Carex  obtusata 

Summer  1965 

CHV  1 8 

Chrysothamnus  v i sc  id i f lorus 

EUROT 

Eurotia  sp. 

SIHY 

Si  tanion  hystrix 

S-  72 

Summer 

AVBA 

Avena  barbata 

STPU2 

Stipa  pulchra 

CYDA 

Cynodon  dactylon 

AICA 

Ai ra  carophy 1 lea 
Gassium  parisiense 

S-  77 

Rumen 

AGSMM 

Agropyron  smithii  molle 

ORHY 

Oryzopsis  hymenoides 

CAREX 

Carex  sp. 

SPCO 

Sphaeralcea  coccinea 
Missouri  vetch 
Striated  vetch 
Foothill  bladderpod 

ARFRit 

Artemisia  f rig ida 

Esophageal 

POSE 

Poa  secunda 
Missouri  vetch 
Foothill  bladderpod 

AGSMM 

Agropyron  smithii  molle 
Striated  vetch 

SPCO 

Sphaeralcea  coccinea 

80GR2 

Bouteloua  gracillis 

ORHY 

Oryzopsis  hymenoides 

CAREX 

Carex  sp. 

ARFRit 

Artemisia  frigida 

CHV  1 8 

Chrysothamnus  viscidi f lorus 

CHNA2 

Chrysothamnus  nauseosus 

EULA5 

Eurotia  lanata 
Phlox  bryoides 
Parsnelia  mollinocula 

S-  8o 

Summer 

MICA 

Micropus  californicus 

GODET 

Godetra  sp. 

LUBI 

Lupinus  bicolor 

ORTHO 

Orthocarpus  sp. 

LOMU 

Lol i urn  multi f lorum 

PLAGI 

P lagiobothrys  sp. 

HORDE 

Hordeum  sp. 
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SCS 

REFERENCE 

TREATMENT/SEASON 

PLANT 

SCIENTIFIC  NAME 

CODE 

ERSE3 

Eremocarpus  setigerus 

CERAS 

Cerastium  sp. 

CYEC 

Cynosurus  echlnatus 

JUNCU 

Juncus  sp. 

VERAT 

Veratrum  sp. 

ACHYR 

Achyrachaena  mollis 

PHTU 

Phalaris  tuberosa 

POA++ 

Poa  sp. 

GITR2 

Gi  1 ia  tri color 

*TR 1 OD 

Specularia  sp. 

BRMI2 

Briza  minor 

FIGA 

Fi lago  ga 1 1 i ca 

POLYP 

Polypodium  sp. 

Spanish  moss 

S-  8^ 

Summer 

Thalictrum  cendleri 

AGSU 

Agropy ron  subsecundum 

HEUN 

Helianthella  uniflora 

BASA3 

Balsamorhiza  sagittata 

LIRU^ 

Lithospermum  ruderale 

SESE2 

Senecio  serra 

LUCA 

Lupinus  caudatus 

OSOC 

Osmorhiza  occidental  is 

*ACM 1 L 

Ach i Ilea  1 anu losa 

ASEN2 

Aster  enge lmann i i 

VI  AM 

Vicia  americana 

AGUR 

Agastache  urticifolia 

DECA6 

Descurainia  californica 

PHHE2 

Phacelia  heterophy 1 1 a 

Polemoniun  a 1 bi forum 

Aster  f remont i i 

0RLU2 

Orthocarpos  luteus 

Wi nter 

B0GR2 

Bouteloua  graci  1 is 

HI  JA 

Hi  lari  a jamesi i 

AGSP 

Agropyron  spicatum 

GUSA2 

Gut i errezia  sarothrae 

ARL03 

Aristida  longiseta 

STCOlt 

Stipa  comata 

EPNE 

Ephedra  nevadensis 

ARSP5 

Artemesia  spinesuns 

GRSP 

Grayia  spinosa 

BRTE 

Bromus  tectorum 

*TRP 1 2 

Triodia  pi losus 

SAKAT 

Salsola  kali  var.  tenuifolia 

TESP2 

Tetradymia  spinosa 

S-  su 

*AGTR 

Agropyron  pauci florum 

Agropyron  subsecundum 

BRCI2 

Bromus  ci 1 latus 

BRCA5 

Bromus  carinatus 

FETH 

Festuca  thurberi 

FEOV 

Festuca  ovina 

POPR 

Poa  pratensis 

POFE 

Poa  fend ler i ana 

POCO 

Poa  compressa 

STLEA 

Stipa  lettermani 

STC03 

Stipa  Columbiana 

AMAL2 

Amelanchier  a Ini  folia 

Prunus  melanocarpa 

*VAMY2 

Vaccinium  oreophilum 

*ACM 1 L 

Ach i 1 1 ea  1 anu losa 

DEBA2 

Delphinium  barbeyi 

ERIGE2 

Erigeron  sp. 

FRSP 

Frasera  speciosa 

GAB02 

Galium  borea 1 e 

GERI 

Geranium  richardsoni 

HEHO 

Helenium  hoopesi 

OSOB 

Osmorhiza  obtusa 
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scs 

REFERENCE 

TREATMENT/SEASON 

PLANT 

SCIENTIFIC  NAME 

CODE 

'PEDIC 

Pedicularis  sp. 

SENEC 

Senecio  sp. 

PSMO 

Pseudocymopterus  mantanus 

THFE 

Thalictrum  fendleri 

THM03 

Thermopsis  montana 

s-  98 

Grass  Range 

ARARN 

Artemisia  nova 

ARSP5 

Artemisia  spinescens 

ATCO 

Atriplex  confert i fol  i a 

CHVIS 

Chrysothamnus  stenophyllus 

KOAMV 

Kochia  vestita 

AGSM 

Agropyron  smith! i 

AGIN 

Agropyron  i nerme 

Saltbrush  Range 

ARARN 

Artemisia  nova 

ARSP5 

Artemisia  spinescens 

KOAMV 

Kochia  vest i ta 

HI  JA 

H i 1 ar i a james i i 

SIHY 

S i tan i on  hys t r i x 

SPA  1 

Sporobolus  airoides 

SPCR 

Sporobolus  cryptandrus 

Sagebrush  Range 

ARSP5 

Artemisia  spinescens 

EULA5 

Eurotia  ianata 

AGSM 

Agropyron  smithii 

ELCI2 

Elymus  cinereus 

HI  JA 

H i lar i a j ames i i 

ORHY 

Oryzopsis  hymenoides 

SIHY 

Sitanion  hystrix 

SPCR 

Sporobolus  cryptandrus 

STCOk 

Stipa  comata 

S-105 

ARL03 

Aristida  longiseta 

BUDA 

Buchloe  dactyloides 

SPCR 

Sporobolus  cryptandrus 

BRTE 

Bromus  tectorum 

FEOC2 

Festuca  octoflora 

ORHY 

Oryzopsis  hymenoides 

STCOk 

Stipa  comata 

Cl  UN 

Cirsium  undu latum 

ERIGE2 

Erigeron  sp. 

EVNU 

Evolvulus  nuttallianus 
Heterotheca  villosa 

KOSC 

Kochia  scoparia 

LIPU 

Liatris  punctata 

OEAL 

Oenothera  aibicaulis 

0EC02 

Oenothera  coronop i f ol i a 

PSTE3 

Psoralea  tenuiflora 

SAKA 

Sa 1 so  1 a kali 

SOSE  A 

Sophora  sericea 

THME 

Thelesperma  megapotan i cum 

ALTE 

Allium  text i le 

MATA  3 

Aster  tanacet i fol i us 

ASTRA 

Astragalus  sp. 

BAOP 

Bahia  oppos i t i fol i a 

CRYPT 

Cryptantha  sp. 

CYMO 

Cymoptermus  montanus 

ERBE2 

Erigeron  bel I i d i as t rum 

LARE 

Lappula  redowskii 

LEDE 

Lepidium  densiflorum 

PAPAG 

Plantago  purshi i 

TROC 

Tradescantia  occidental  is 

ARFI2 

Artemis i a f i 1 i fol i a 

ATCA2 

Atriplex  canescens 

CHNA2 

Chrysothamnus  nauseosus 

GUSA2 

Gutierrizia  sarothrae 

YUGL 

Yucca  glauca 
Parmelia  chlorochroa 

(Cont i nued) 
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SCS 

REFERENCE 

TREATMENT/SEASON 

PLANT 

SCIENTIFIC  NAME 

CODE 

S-127 

AGR0P2 

Agropyron  sp. 

BROMU 

Bromus  sp. 

DANTH 

Danthonia  sp. 

FESC 

Festuca  scabrel la 

KOCR 

Koeleria  cristata 

PHLEU 

Phleum  sp. 

P0A++ 

Poa  sp. 

STIPA 

Stipa  sp. 

ACMI2 

Achi Ilea  mil lefol i urn 

ALL  1 U 

Allium  sp . 

ANPA^ 

Antennaria  parviflora 

ARCA7 

Arenar ia  cap i 1 I ar i s 

ARNIC 

Arnica  sp. 

ASTRA 

Astragalus  sp. 

CEARit 

Cerastium  arvense 

Cl  RSI 

C i rs i um  sp . 

DOCO 

Dodecatheon  conjugens 

ERI GE2 

Erigeron  sp. 

ERIOG 

Eriogonum  sp. 

FRV 1 

Fragaria  virginiana 

GATR2 

Galium  t r i f i dum 

GECA 

Gentiana  calycosa 

GEVI  2 

Geranium  v i scoss i ss imum 

GNAPH 

Gnapha 1 i um  sp . 

MEAL7 

Mertensia  alpina 

MICR06 

Microseris  sp. 

OSMOR 

Osmorhiza  sp. 

PEDIC 

Ped i cu 1 ar i s sp . 

PEPR2 

Penstemon  procerus 

POTEN 

Potent  ilia  sp . 

SENEC 

Senecio  sp. 

S 1 AC 

S i 1 ene  acau 1 is 

TARAX 

Taraxacum  sp. 

TRI  FO 

Tr i fo 1 i um  sp . 

VACCI 

Vaccinium  sp. 

s-n*) 

ACM  1 2 

Achillea  millefolium 

ASIN3 

Aster  i ntegr i fol i us 

GEVI  2 

Geranium  v i scos s i ss i mum 

HAFL2 

Hackelia  floribunda 

-Nomenclature  or  authority  change  since  time  of  publication 
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Appendix  Table  IV. 5. 


Bison,  diet  components  with  composition 
proportion  of  5 percent  or  greater 
compiled  from  the  scientific  literature. 
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+ Provisional  photosynthetic  pathway  assignment 


396 


Appendix  Table  IV. 6. 


Bison,  additional  diet  components  with  composition 
proportion  of  less  than  5 percent  compiled  from  the 
scientific  literature. 


SCS 

REFERENCE 

TREATMENT/SEASON 

PLANT 

SCIENTIFIC  NAME 

CODE 

BN-  38 

ARLO 

Arenaria  long! pedunculata 

8UDA 

Buchloe  dactyloides 

CAHE5 

Carex  hel iophi 1 a 

STCO 

Stachys  cocci nea 

*FE0C2 

Vulpia  ocotof Vora 

SAKA 

Sa 1 so  1 a kali 

SPCO 

Sphaeralcea  coccinea 

BN-  88 

Summer 

SPCR 

Sporobolis  cryptandrus 

ARL03 

Ar i s t i da  1 onges i ta 

SPCO 

Sphaeralcea  coccinea 

FE0C2 

Festuca  octoflora 

STCOif 

Stipa  comata 

0EC02 

Oenothera  coronop i fol i a 

Cl  UN 

C i rs i urn  undu 1 atum 

KOSC 

Kochia  scoparia 

LIPU 

Liatrus  punctata 

SAKA 

Sal  so  la  kali 

P lantago  purd i i 

ALTE 

Allium  textile 

1 VAX 

Iva  axillaris 

ORHY 

Oryzopsis  hymenoides 

EVNU 

Evolvulus  nuttallianus 

PSTE3 

Psoralea  tenuiflora 

OPPO 

Opuntia  polyacantha 

ARFRL 

Artemesia  frigida 

*MACA2 

Aster  tunacet i fol i us 

Thelepeoma  negapotacium 

HUT02 

Muhlenbergia  torreyi 

BUDA 

Buchloe  dactyloides 

Guara  coccinia 

BRTE 

Bromus  tectorum 

EREF 

Erjogonum  effusum 

TROC 

Tradescantia  occidental  is 

LI  IN2 

Li thospermum  incisum 

M 1 L 1 3 

Mi rabi 1 i s 1 i neari s 

GUSA2 

Gutierrezia  sarothrac 

ASTRA 

Astragalus  sp. 

Fall /W i nter 

ARL03 

Aristida  longesita 

CAHE5 

Carex  hel iophi la 

SPCR 

Sporobolus  cryptandrus 

EREF 

Eriogonum  effusum 

STC04 

Stipa  comata 

SPCO 

Sphaeralcea  coccinea 

BRTE 

Bromus  tectorum 

OPPO 

Opuntia  polyacantha 

CHNA2 

Chrysothamnus  nauseosus 

GUSA2 

Gutierrezia  sarcthrae 

BUDA 

Buchloe  dactyloides 

FE0C2 

Festuca  octoflora 

BAOP 

Bahia  oppos i t i fol i a 

ASTRA 

Astragalus  sp. 

YUGL 

Yucca  glauca 

BN-  89 

Spr i ng/Summer 

EQUIS 

Equisetum  sp. 

Winter 

AGR0P2 

Agropyron 

SAL  IX 

Sa 1 ix  sp. 

BN- 105 

ARL03 

Aristida  longiseta 

BUDA 

Buchloe  dactyloides 

MUT02 

Muhlenbergia  torreyi 

SPCR 

Sporobolus  cryptandrus 

AGCR 

Agropyron  cristatum 

BRTE 

8romus  tectorum 

FE0C2 

Festuca  octoflora 

ORHY 

Oryzopsis  hymenoides 

STC0*« 

Stipa  comata 

Cl  UN 

Crisium  undulatum 
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Appendix  Table  IV. 6. 


(Conti nued) 


SCS 

REFERENCE 

TREATMENT/SEASON  1 

PLANT 

SCIENTIFIC  NAME 

CODE 

ERIGE2 

Erigeron  sp. 

EVNU 

E volvulus  nut ta 1 1 ianus 

GAC05 

Gaura  cocci nea 

Heterotheca  villosa 

KOSC 

Kochi  a scoparia 

L!PU 

Liatris  punctata 

M 1 L 1 3 

Mi rabi 1 i s 1 i neari s 

OEAL 

Oenothera  albicaulis 

0EC02 

Oenothera  coronopi fol i a 

PSTE3 

Psoraiea  tenuiflora 

SAKA 

Salsola  kal i 

THME 

Thelesperma  megapotami cum 

ALTE 

All i urn  text i 1 e 

•-MATA2 

Aster  Tancet i fo! i us 

ASTRA 

Astragalus  sp. 

CRYPT 

Cryptantha  sp. 

LEDE 

Lepidium  densifiorum 

LI  IN2 

Lithospermum  incisum 

•••PLPAG 

P 1 antago  purshi i 

SPCO 

Sphaeralcea  coccinea 

TROC 

Tradescantia  occ i dent  a 1 i s 

ARFR4 

Artemisia  frigida 

ATCA2 

Atripiex  canescens 

CHNA2 

Chrysothamnus  nauseosus 

EREF 

Erigonum  effusum 

GUSA2 

Gutierrizia  sarothrae 

YUGL 

Yucca  glauca 

OPPO 

Opuntia  polyacantha 

Parmelia  chlorochroa 

BN- 125 

Spr i ng 

SALIX 

Sal ix  sp. 

CAAQ 

Carex  aquat i 1 i s 

CAR06 

Carex  rostrata 

Summer 

CAAQ 

Carex  aquat i 1 i s 

CAR06 

Carex  rostrata 

GEAL3 

Geum  aleppicum 

AGTR 

Agropyron  trachycaulum 

JUBA 

Juncus  balticus 

CASI 

Carex  foenea 

CAAE 

Carex  aenea 

POTEN 

Potenti 11a  sp. 

Fa  1 1 

SALIX 

Sal ix  sp. 

CAAQ 

Carex  aquat i 1 i s 

GEAL3 

, Geum  aleppicum 

JUBA 

Juncus  bal t i cus 

EQUIS 

: Equ i setum  sp . 

Wi nter 

SALIX 

Sal i x sp. 

CAAQ 

Carex  aquat i 1 i s 

JUBA 

Juncus  balticus 

*Nomencl ature  or  authority  change  since  time  of  publication 


Appendix  Table  IV. 7.  Bighorn  Sheep,  diet  components  with  composition  proportion  of 
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Appendix  Table  IV. 8. 


Bighorn  Sheep,  additional  diet 
composition  proportion  of  less 
compiled  from  the  scientific  1 


components  wi th 
than  5 percent 
terature. 


SCS 

REFERENCE 

TREATMENT/SEASON 

PLANT 

SCIENTIFIC  NAME 

CODE 

8HS-  6 

Winter 

MUHLE 

Muh 1 enberg i a sp. 

CAREX 

Carex  sp. 

B0GR2 

Bouteloua  graclllis 

STIPA 

Stipa  sp. 

Spring 

CEM02 

Cercocarpus  montanus 

HODU 

Ho! od i scus  dumosus 

STIPA 

Stipa  sp. 

Summer 

ARTEM 

Artemisia  sp. 

STIPA 

Stipa  sp. 

Fall 

MUHLE 

Muh lenbe rg i a sp. 

YUGL 

Yucca  glauca 

BHS-  10 

ACC02 

Acacia  cons tri eta 

TI0B 

Tidestromia  oblongi fol ia 

ERIOG 

Eriogonum  sp. 

BRRU2 

Bromus  rubens 

FRAN  2 

F rax i nus  anomala 

OPUNT 

Opuntia  sp. 

PRJU 

Prosopis  juli flora 

Seed 

PHCA8 

Phoradendron  californicum 

*MAB  1 

Aster  biglovii 

BHS-  lit 

B i te  Count 

DAWH2 

Dasylirion  wheel eri 

BOCU 

Bouteloua  curtipendula 

TRCA2 

Trichachne  californica 

MATA2 

Machaeranthera  tanacet i fol i a 

Janus i a grac i 1 i s 

CHCO 

Chamaesaracha  coinoides 

ERWR 

Eriogonum  wrightii 

L0HU2 

Lotus  humistratus 

*ARLU 

Artemisia  gnapha lodes 

ORLU 

Orobanche  ludoviciana 

STEX 

S tephanomer i a ex i gua 

SPCO 

Sphaera 1 cea  cocci nea 

Fecal  Analysis/ 

JUNIP 

Juni perus  sp. 

Spr i ng 

ACACI 

Acacia  sp. 

QUERC 

QuercOs  sp. 

OPUNT 

Opuntia  sp. 

YUCCA 

Yucca  sp. 

ARIST 

Aristida  sp. 

FESTU 

Fes  tuca  sp. 

HILAR 

Hi laria  sp. 

ARTEM 

Artemisia  sp. 

CRYPT 

Cryptantha  sp. 

DESCU 

Descurainia  sp. 

ERIGE2 

Erigeron  sp. 

EVOLV 

Evolvulus  sp. 

LESQU 

Lesquerel 1 a sp. 

LUPIN 

Lupinus  sp. 

MENTZ 

Mentzel ia  sp. 

PLANT 

Plantago  sp. 

Fecal  Analysis/ 

ACACI 

Acacia  sp. 

Summer 

OPUNT 

Opunt i a sp. 

YUCCA 

Yucca  sp. 

FESTU 

Festuca  sp. 

HILAR 

Hi laria  sp. 

ARTEM 

Artemisia  sp. 

ERIGE2 

Erigeron  sp. 

ERIOG 

Erigonum  sp. 

EVOLV 

Evolvulus  sp. 

LUPIN 

Lupi nus  sp. 

MENTZ 

Mentzel ia  sp. 

Appendix  Table  IV. 8.  (Continued) 


SCS 

REFERENCE 

TREATMENT/SEASON 

PLANT 

SCIENTIFIC  NAME 

COOE 

BBS-  U 2 

Summer 

AMAL2 

Amelanchier  alnifolia 

LUSE1) 

Lupinus  sericeus 

PRVI 

P runus  v i rg i n i ana 

ERHE2 

Eriogonum  heracleoides 

ERNI2 

Eriogonum  niveum 

ACM  12 

Achillea  millefolium 

BRTE 

Bromus  tectorum 

ARTR2 

Artemisia  tridentata 

BHS-124 

KOCR 

Koeleria  cristata 

BRTE 

Bromus  tectorum 

FEID 

Festuca  idahoensis 

AGR0S2 

Agrostis  sp. 

STC03 

Stipa  Columbiana 

STRI  2 

Stipa  r ichardson i 

LUSE1) 

Lupinus  sericeus 

ACM  12 

Achillea  millefolium 

ERIGE2 

Erigeron  sp. 

PHACE 

Phacel i a sp. 

ALCE2 

Allium  cernuum 

ERHE2 

Eriogonum  heracleoides 

RICE 

Ribes  cereum 

ARDR4 

Artemisia  dracuncu loi des 

R0SA+ 

Rosa  sp. 

SAL  IX 

Sa 1 i x sp . 

PICO 

Pinus  conforta 

ARUV 

Arctostaphy los  uva-ursi 

VASC 

Vaccinium  scoparium 

PSMEG 

Pseudotsuga  menziesii  var. 

g 1 auca 

PIEN 

P i cea  engelmanni i 

SHCA 

Shepherdia  canadensis 

Ribes  budsonianum 

RU  1 D 

Rubus  idaeus 

ZYVE 

Zygadenus  venenosus 

BHS-130 

Winter  1978 

CAREX 

Carex  sp. 

CEM02 

Cercocarpus  montanus 

Spring  1978 

ATCA2 

Atriplex  canescens 

CEM02 

Cercocarpus  montanus 

Summer  1978 

FESTU 

Festuca  sp. 

ARTEM 

Artemisia  sp. 

Fall  1978 

CAREX 

Carex  sp. 

CEM02 

Cercocarpus  montanus 

Winter  1979 

FESTU 

Festuca  sp. 

CAREX 

Carex  sp. 

Spring  1979 

YUGL 

Yucca  glauca 

ATCA2 

Atriplex  canescens 

BHS-133 

AGSU 

Aqropyron  subsecundum 

AGTR 

Agropyron  trachycaulum 

BRJA 

Bromus  japonicus 

CARU 

Ca lamagrost i s rubescens 

CAREX 

Carex  sp. 

POA-m- 

Poa  sp. 

STVU 

Stipa  v i r i du 1 a 

ACM  12 

Achillea  millefolium 

ARMI  k 

Artemisia  michauxiana 

BASA3 

Ba 1 samorrhi za  sagittata 

ERIGE2 

Erigeron  sp. 

LUPIN 

Lupinus  sp. 

PHHO 

Phlox  hoodi i 

S0MI2 

Solidgo  missouriensis 

TRDU 

Tragopogon  dub i us 

ARTR2 

Artemisia  tridentata 

CHV 1 8 

Chrysothamnus  v i sc i d i f 1 orus 

COST1) 

Cornus  stolonifera 

JUC06 

Juniperus  communis 

PRVI 

Prunus  vi rginiana 

RIBES 

Ribes  sp. 

ROAC 

Rosa  acicularis 

SAL  IX 

Sa 1 i x sp. 

-^Nomenclature  or  authority  change  since  time  of  publication 
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Appendix  Table  IV. 9.  Pronghorn  Antelope,  diet  components  with  composition  proportion  of  5 percent  or  greater  compiled  from  the  scientific  literature. 


403 


Appendix  Table  IV. 9 


(Continued) 


404 


Appendix  Table  IV. 9 


(Continued) 


+ Provisional  photosynthetic  pathway 
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Appendix  Table  IV. 9.  Pronghorn  Antelope,  diet  components  with  composition  proportion  of  5 percent  or  greater  compiled  from  the  scientific  literature. 
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Provisional  photosynthetic  pathway  assignment 


Appendix  Table  IV. 10. 


Pronghorn  Antelope,  additional 
composition  proportion  of  less 
compiled  from  the  scientific  1 


diet  components  with 
than  5 percent 
i terature. 


SCS 

REFERENCE 

TREATMENT/SEASON 

PLANT 

SCIENTIFIC  NAME 

CODE 

PA-  3 

MACHA 

Machaeranthera  sp. 

PA-  9 

Wi nter 

PURSH 

Purshia  sp. 

STC06 

St reptanthus  cordatus 

S umme  r 

JUNIP 

Juniperous  sp. 

PA-  28 

Annual  Average 

ASTRA 

Ast  raga 1 us 

OXYTR 

Oxytropi s 

ELCO 

Elaeagnus  commutata 

STIPA 

Stipa  sp. 

PUTR2 

Purshia  tridentata 

SAVEA 

Sarcobatus  vermiculatus 

CHNA2 

Chrysothamnus  nauseosus 

AGR0P2 

Agropyron  sp. 

ORHY 

Oryzopsis  hymenoides 

CAREX 

Carex  sp. 

EULA5 

Eurotia  lanata 

BROMU 

Bromus  sp. 

CRYPT 

Cryptantha  sp. 

R0SA+ 

Rosa  sp . 

PA-  3A 

Li  ght 

AGSM 

Agropyron  smi thi i 

CAREX 

Carex  sp. 

*FE0C2 

Vulpia  octoflora 

ASPE5 

Astragalus  pectinatus 

BAOP 

Bahia  oppostifolia 

CHVI6 

Chrysops is  vi 1 losa 

CYAC 

Cymopterus  acaulis 

DEPt 

Descurainia  pinnata 

EREF 

Erigonum  effusum 

1 VAX 

1 va  axi 1 lar i s 

LEDE 

Lepidum  densiflorum 

LEMOA 

Leucocrinum  montanum 

L00R 

Lomati urn  orientale 

0EN0T 

Oenothera  sp. 

*P  LPAG 

Plantago  purshi i 

SAKA 

Salsola  kali 

SOSEA 

Sophora  sericea 

ARFRA 

Artemisia  frigida 

CHNA2 

Chrysothamnus  naseosus 

GUSA2 

Gutierrezia  sarothrae 

Heavy 

BRTE 

Bromus  tectorum 

*FE0C2 

Vulpia  octoflora 

ASPE5 

Astragalus  pectiratus 

BAOP 

Bahia  oppost i fol i a 

CHVI6 

Chrysopsi s vi 1 losa 

CYAC 

Cymopterus  acaulis 

DEPI 

Descurainia  pinnata 

1 VAX 

1 va  axillaris 

LEDE 

Lepidum  densiflorum 

LEMOA 

Leucocrinum  montanum 

LOOR 

Lomatium  orientale 

OENOT 

Oenothera  sp. 

*PLPAG 

Plantago  purshi i 

SAKA 

Salsola  kali 

SOSEA 

Sophora  sericea 

THFI 

Thelesperma  filifolium 

ARFRA 

Artemisia  frigida 

CHNA2 

Chrysothamnus  naseosus 

GUSA2 

Gutierrezia  sarothrae 

PA-  6A 

Summer  I96A 

AGSM 

Agropyron  smi thi i 

ORHY 

Oryzopsis  hymenoides 

STCOA 

Stipa  comata 

POSE 

Poa  secunda 

SIHY 

Sitanon  hystrix 

Summer  1965 

AGSM 

Agropyron  smi thi 1 

ORHY 

Oryzopsis  hymenoides 

POSE 

Poa  secunda 

CAOBA 

Carex  obtusata 

(Cont i nued) 
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scs 

RE  Ft  RE  MCE 

TREATMENT/SEASGN 

plant 

code 

SCIENTIFIC  NAME 

Pall  £ Winter 
1961* 

EUROT 

Eurotia  sp. 

Yearlong  Summary 

AGSM 

Agropyron  smithii 

ORHY 

Oryzopsis  hymernoides 

STCOA 

Stipa  comata 

POSE 

Poa  secunda 

EUROT 

Eurotia  sp. 

SIHY 

Sitanon  hystrix 

caoba 

Carex  obtusata 

PA-  95 

LYJU 

Lygodesmia  juncea 

PSTE3 

Psora  1 ea  tenufol i a 

PSAR2 

Psoralea  agrophylla 

SPCO 

Sphaeralcea  cocci nea 

ARL03 

Aristida  longiseta 

PA- 105 

ARL03 

Aristida  longiseta 

BOH  1 2 

Bouteloua  hirsute 

BUDA 

Buchloe  dactyloides 

hufi 

Kuhlenbergia  filiculrais 

SCPA 

Schedonnardus  paniculatus 

SPAI 

Sporobolus  airoides 

SPCR 

Sporobolus  cryptandrus 

AGDE2 

Agropyron  desertorum 

AGSM 

Agropyron  smithii 

CAEL2 

Carex  eleocharis 

CAF1 

Carex  f i 1 i fol ia 

FE0C2 

Festuca  octoflora 

ORHY 

Oryzopsis  hymenoides 

SIHY 

Si tanion  hystri x 

STCOA 

Stipa  comata 

AMGR 

Amaranthus  graecizans 

ARINA 

Argemone  intermedia 

ARORA 

Artemisia  dracuncu 1 o i des 

ARLU 

Artemisia  ludoviciana 
Asclepias  hallii 

ASPU 

Asclepias  pumila 

ASSP 

Asclepias  speciosa 

CHAL7 

Chenopodium  album 

*CHGR2 

Chenopodium  incisum 

CHLEA 

Chenopodium  leptophyllum 

Cl  UN 

Cirsium  undulatum 

CASE 

Cleome  serrulata 

DYPA 

Oyssodia  papposa 

ERDI  A 

Erigeron  divergens 

ERPU2 

Erigeron  pumilus 

EUGL3 

Euphorbia  glyptosperma 

EVNU 

Evolvulus  nuttallianus 

GAC05 

Gaura  cocci.nea 

GILA3 

Gi  1 i a 1 axi  flora 

GRSO 

Grindelia  squarrosa 

HASP2 

Haplopappus  spinulosus 

HELtAJ 

Helianthus  sp. 

1 Heterotheca  villosa 

HYAR2 

Hymenopappus  arenosus 

HYFI 

Hymenopappus  filifolius 

*HYFI L 

Hymenopappus  lugens 

1 VAX 

1 va  axi 1 laris 

KOSC 

Kochi  a scoparia 

UPU 

Liatris  punctata 

LYJU 

Lygodesmia  juncea 

ME  OF 

Melilotus  officinalis 

HI  L 1 3 

Hi rabi 1 i s 1 ineari s 

OEAL 

Oenothera  albicaulis 

0EC02 

Oenothera  coronopi f ol ia 

0EST2 

Oenothera  strigosa 

OENOT 

Oenothera  sp. 

ORLU 

Orobanche  ludoviciana 

*PECA1 1 

Retalostemon  candidum 

PSTE3 

Psoralea  tenuiflora 

RAC  03 

P.atibida  columnifera 

RAPE  3 

Ratibida  peduncularis 

410 


Appendix  Table  IV. 10. 
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SCS 

REFERENCE 

TREATMENT/SEASON 

PLANT 

CODE 

SCIENTIFIC  NAME 

SAKA 

Salsola  ka 1 i 

SCBR3 

Scutellaria  brittoni 

SEMU2 

Senecio  mu  1 1 i capi tatus 

SENEC 

Senecio  sp. 

SESP3 

Senecio  spartioides 

SOSEk 

Sophora  sericea 

STPAi) 

S tephanomer i a pauci flora 

THME 

Thelesperma  megapotami cum 

VEBR 

Verbena  bracteata 

ALTE 

Allium  text i 1 e. 

ASBI2 

Astragalus  bisulcatus 

ASGR3 

Astragalus  graci 1 is 

ASPE5 

Astragalus  pectinatus 

-MATA2 

Aster  tanaceti fol ius 

ASTER 

Aster  sp. 

ASTRA 

Astragalus  sp. 

BAOP 

Bahi a oppos i t i fol ia 

C0PA5 

Comandra  pallida 

CRM  1 5 

Cryptantha  minima 

CRYPT 

Cryptantha  sp. 

CYAC 

Cymopterus  acaulis 

CYM0P2 

Cymopterus  sp. 

DEPI 

Descurainia  pinnata 

ERBE2 

Erigeron  be  1 1 i d i as t rum 

LARE 

Lappula  redowski i 

LEDE 

Lepidium  densiflorum 

LELU 

Lesquerella  ludoviciana 

LEMO*) 

Leucocri num  montanum 

L 1 1 N2 

Lithospermum  incisum 

LOOR 

Lomatium  orientale 

LUPU 

Lup i nus  pus i 1 1 us 

MUDI 

Musineon  divaricatum 

0XLA3 

Oxytropis  lambertii 

OXSE 

Oxytropis  sericea 

PEAL2 

Penstemon  albidus 

PEANk 

Penstemon  angust i fol i us 

*PLPAG 

P 1 antago  purshi i 

POAV 

Polygonum  aviculare 

RUMEX 

Rumex  sp. 

STAL2 

Sisymbrium  altissimum 

SETR2 

Senecio  t r i dent i cu la tus 

TAOF 

Taraxacum  officiniale 

TOGR 

Townsendia  grandiflora 

*T0EX2 

Townsendia  sericea 

TROC 

Tradescantia  occidental  is 

TRPR 

Tragapogon  pratensis 

VINU2 

Viola  nuttal 1 i i 

ATCA2 

Atriplex  canescens 

CHNA2 

Chrysothamnus  nauseosus 

GUSA2 

Gut  i err i z ia  sarothrae- 

YUGL 

Yucca  glauca 

*MAV 1 3 

Coryphanta  vivpara 

OPPO 

Opuntia  polyacantha 
Parmel ia  chlorochroa 

PA-132 

Winter 

FESTU 

Festuca  sp. 

MUHLE 

Muhlenberg! a sp. 

CAREX 

Carex  sp. 

JUNIP 

Juniperus  sp. 

PINUS 

Pinus  sp. 

PSEUD7 

Pseudotsuga  sp. 

YUCCA 

Yucca  sp. 

EIJROT 

Eurotia  sp. 

SPRING 

FESTU 

Festuca  sp. 

POA++ 

Poa  sp. 

AGR0P2 

Agropyron  sp. 

MUHLE 

Muhlenbergia  sp. 
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SCS 

REFERENCE 

TREATMENT/SEASON 

PLANT 

CODE 

SCIENTIFIC  NAME 

ST  1 PA 

Stipa  sp. 

CAREX 

Carex  sp. 

JUNIP 

Juniperus  sp. 

PINUS 

Pinus  sp. 

PSEUD7 

Pseudotsuga  sp. 

ATRIP 

Atriplex  sp. 

CERCO 

Cercocarpus  sp. 

Summer 

FESTU 

Festuca  sp. 

P0A-M- 

Poa  sp. 

AGR0P2 

Agropyron  sp. 

MUHLE 

Huhlenbergia  sp. 

ROUTE 

Bouteloua  sp. 

CAREX 

Carex  sp. 

KOCHI 

Kochi  a sp. 
Compos i tae 

SAUX 

Sal i x sp . 

ATRIP 

Atriplex  sp. 

RIBES 

Ribes  sp. 

R0SA+ 

Rosa  sp. 

RHUS+ 

Rhus  sp. 

Fall 

FESTU 

Festuca  sp. 

AGR0P2 

Agropyron  sp. 

MUHLE 

Muhlenbergia  sp . 

STIPA 

Stipa  sp. 

BOUTE 

Bouteloua  sp. 

CAREX 

Carex  sp. 

POTEN 

Potenti I la  sp. 

LUPIN 

Lupinus  sp. 

PINUS 

Pinus  sp. 

PSEUD7 

Pseudotsuga  sp. 

YUCCA 

Yucca  sp. 

EUROT 

Eurotia  sp. 

BERBE 

Berberis  sp. 

CERCO 

Cercocarpus  sp. 

*Nomencl ature  or  authority  change  since  time  of  publication 
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scs 

PLANT 

CODE 

O 

1 l2 

| o» 

D 

U. 

L. 

C 

5 

O' 

c 

v. 

JX 

is 

OC 

V- 

l 
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s o 
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«J  S3 

fa. 

C learcut 
Forest 

1 
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o £ 

1 

c-» 

£ 2 

ft*  o- 

3 fc 
<ti  0 

ff  u. 

C 

CO  a- 
C W1 
O'  &> 
<23  b. 
« 0 

SCS 

| PLANT 
CODE 

A«€09 

BASS2 

CAQU2 

LOLE 

56 

16 

40 

26 

18 

25 

17 

5 

8 

8 

20 

29 

24 

37 

ARC0$) 

BASE2 

CAQU2 

LOLE  1 

SIOR 

LUMM 

8ROOI 

EMO 

ERCI& 

7 

5 

S 108 
LUPIN 
BR001 
ERBO 
ERC 16 

LOTUS 
SOM  12 

PLACt 

POTEN 

MFM 

6 

6 

9 

LOTUS 
SOM  12 

PLACE 

POTCM 

ABFR6 

IPIIGE2 

GEFR2 

2RIAS 

lUPHO 

EUSE6 

15 

26 

5 

ER1GE2  ; 
GEFKJ  j 
IRIAS 
EUfHO 
EUSE8 

n(MOo 

VEV02 

l«SU3 

EASP4 

UNUM 

. 

10 

6 

18 

MENOD 

VEW02 

ERSU3 

CRSP4 

UNUM 

ASTRA 

7AOF 

LA5E 

ttrtAT 

5 

12 

36 

3*i 

28 

ASTRA 

TAQF 

IASI 

L0«AT 

MESA 
Ml  OF 

SOSPN 

ASCH2 

ruvio 

5 

27 

32 

8 

5 
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5 

MESA 

KF.0F 

SOSPN  | 
ASCM2  | 
FRW8©  § 

mo 

8 

mo  S 

+ Provisional  pbotosynthet i c pathway  assignment 
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Mule  Deer,  additional  d 
proportion  of  less  than 
scientific  literature. 


et  components  with  composition 
5 percent  compiled  from  the 


scs 

REFERENCE 

TREATMENT/SEASON 

PLANT 

SCIENTIFIC  NAME 

CODE 

MO-  1 

Spri ng/Summer 

CAGE2 

Carex  geyeri 

KOCR 

Koeleria  cristata 

ADBI 

Adenocaulon  bicolor 

POOO^ 

Polygonum  douglasi i 

ARC09 

Arnica  cordi fol ia 

GETR 

Geum  tri f lorum 

L0NU2 

Lomatium  nudicaule 

LUPIN 

Lupinus  sp. 

MINU 

Microseris  nutans 

SPBE2 

Spi raea  betuti fol ia 

SYAL 

Symphor i carpos  albus 

VAME 

Vaccini urn  membranaceum 

VASC 

Vaccinium  scoparium 

R0SA+ 

Rosa  sp. 

R 1 LA 

Ribes  lacustre 

Fall 

CAGE2 

Carex  geyeri 

CARU 

Calamagrostis  rubens 

SPBE2 

Spi raea  betul i fol i a 

SYAL 

Symphori carpos  albus 

VAME 

Vaccinium  membranaceum 

VASC 

Vaccinium  scoparium 

PAMY 

Pachyst ima  myrsinites 

CHUM 

Chimaphi la  umbel  lata 
Unidentified  Forbs 

MD-  9 

Winter 

PURSH 

Purshia  sp. 

STC06 

Streptanthus  cordatus 

Summer 

JUNiP 

Juniperus  sp. 

MD-  11 

Wi nter 

ERBO 

Erodium  botrys* 

M0PE2 

Montia  perfol iata 

TRIFO 

Tr i fol ium  sp . 

AECA 

Aesculus  californica 

CECU 

Ceanothus  cuneatus 

*CEM02 

Cercocarpos  betuloides 

SYMPH 

Symphoricarpos  sp. 

Summer 

COLLI 

■Co  1 1 i ns  i a sp . 

GAYOP 

Gayophytum  sp. 

PHACE 

Phace 1 ia  sp . 

ABCO 

Abies  concolor 

ARPA6 

Arctostaphy los  patula 

CHFO 

Chamaebatia  foliosa 

PREM 

Prunus  emarginata 

SYMPH 

Symphoricarpos  sp. 

MD-  13 

CAREX 

Carex  sp. 

ST  1 PA 

Stipa  sp. 

AGR0P2 

Agropyron  sp. 

EULA5 

Eurotia  lanata 

KOCR 

Koe 1 e r i a cristata 

BROMU 

Bromus  sp. 

ORHY 

Oryzops i s hymenoi des 

MD-  15 

WYAM 

Wyethia  amp  1 ex i caul  is 

ARAR8 

Artemisia  arbuscula 
Pacific  aster 

MD-  16 

LESQU 

Lesquerel la  sp. 

BERBE 

Berberis  sp. 

ARTR2 

Artemisia  tridentata 

CEM02 

Cercocarpus  montanus 

SYMPH 

Symphoricarpos  sp. 

MERTE 

Mertensia  sp . 

CHRYS9 

Chrysothamnus  sp. 

QUGA 

Quercus  gambelii 

EULA5 

Eurotia  lanata 

CAREX 

Carex  sp. 

STCOA 

Stipa  comata 

AGR0P2 

Agropyron  sp. 

ORHY 

Oryzops is  hymenoides 

FESTU 

Festuca  sp. 

KOCR 

Koeleria  cristata 

BROMU 

Bromus  sp. 

P0A++ 

Poa  sp. 
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SCS 

REFERENCE 

TREATMENT/SEASON 

PLANT 

SCIENTIFIC  NAME 

CODE 

MD-  18 

PUTR2 

Purshia  tridentata 

MESA 

Medicaqo  sativa 

AGR0P2 

Agropyron  sp. 

QUGA 

Quercus  gambe 1 i i 

CEM02 

Cercocarpus  montanus 

CAREX 

Carex  sp. 

Compos i tae 

STCOA 

Stipa  comat a 

ARFRA 

Artemisia  frigida 

DESCU 

Descurainia  sp. 

LEM03 

Lesquerella  montana 

MO-  22 

STIPA 

Stipa  sp. 

BROMU 

Bromus  sp. 

DANTH 

Danthonia  sp. 

FESTU 

Festuca  sp. 

CAREX 

Carex  sp. 

EULA5 

Eurotia  lanata 

PUTR2 

Purshia  tridentata 

JUNIP 

Juniperus  sp. 

MD-  23 

P0HI6 

Potent! 1 la  hippiana 

PULU 

Pulsatilla  ludoviciana 

ARFRA 

Artemisia  frigida 

*FRVI0 

Frager i a ova  1 i s 

BRIN2 

Bromus  i nermi s 

CAHE5 

Carex  he  1 i oph i la 

TAOF 

Taraxacum  officinale 

OENOT 

Oenothera  sp. 

POTR5 

Populus  tremulodies 

CHAL7 

Chenopodium  album 

AGROP2 

Agropyron  sp. 

PE VI  3 

Penstemon  virens 

COARA 

Convolvulus  arvensis 

eralA 

Eriogonum  alatum 

CAR02 

Campanula  rotundifolia 

ELJU 

Elymus  junceus 

ARUV 

Arctostaphy los  uva-ursi 

POPE8 

Potent! 11a  pennsy 1 van i ca 

SIHY 

S i tan i on  hy s t r i x 

ARVA 

Arcenthobium  vaginatum 

anpaA 

Antennaria  parvifolia 

SEST2 

Sedum  stenopetalum 

RICE 

Ribes  cereum 

ANSC2 

Andropogon  scoparius 

STR03 

Stipa  robusta 

KOCR 

Koelaria  cristata 

TRPO 

Tragapogon  porrifolius 

POAV 

Polygonum  aviculare 

ALCE2 

Allium  cernuum 

Sysimbrium  altissimum 

AGAL3 

Agrustis  alba 

SOTR 

Solanum  triflorum 

MEOF 

Melilotus  officinalis 

Fungi  (mushrooms) 

MD-  25 

Fal 1/Winter 

PRJU 

Prosopis  juliflora 

ACC02 

Acacia  constrlcta 

ERIOG 

Eriogonum  sp. 

EUPHO 

Euphorbia  sp. 

EYPO 

Eysenhardtia  polystachya 

Anisacanthus  thurberi 

BAMU 

Baileya  multi  rad iata 

CHLI2 

Ch i lops  Is  1 i near i s 

OPEN2 

Opuntia  engelmannl! 

DEPI 

Descurainia  pinnata 

VERBE 

Verbena  sp. 

ERIAS 

Eriastrum  sp. 

-I 
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SCS 

REFERENCE 

TREATMENT/SEASON 

PLANT 

CODE 

SCIENTIFIC  NAME 

Spr i ng/Summer 

*ECW  I 

Ferocactus  wislizenil 

CHLI2 

Chi  lops  is  1 i near i s 

VACA5 

Vauquelinia  californica 

F0SP2 

Fouquieria  splendens 

APUN 

Apodanthera  undulata 

ACC02 

Acacia  constricta 

0PSP2 

Opuntia  spinosior 

BAMU 

Baileya  multiradiata 

DEP  1 

Descurainia  pinnata 
Ani sacanthus  thurberi 

VERBE 

Verbena  sp. 

ERIOG 

Eriogonum  sp. 

**MD-  58 

Year  long 

QULO 

Quercus  lobata 

ER0D1 

Erodium  sp. 

AECA 

Aesculus  californicus 

RHDI 

Rhus  d i vers i loba 
Gramineae  (Dry) 

CECU 

Ceanothus  cuneatus 
Usneaceae 

Pickeringia  montana 

MEHI 

Medicago  hispida 

TRI  FO 

Trifol ium  sp. 

ARCT03 

Arctostaphy los  sp. 

HEAR5 

Heteromeles  arbutifolia 

CEIN3 

Ceanothus  integerrimus 

MALUS 

Mai  us  sp. 

*CEM02 

Cercocarpus  betuloides 

UMCA 

Umbellularia  californica 

QUERC 

Quercus  sp. 

QUGA*t 

Quercus  garryana 

VITIS 

V i t i s sp . 

BACH 

Baeria  chrysostoma 
Lotus  americanus 

CHP03 

Chlorogalum  pomeridianum 
Polypodiaceae 

SILEN 

S i lene  sp. 

VICIA 

Vicia  sp. 
Agar i caceae 

TRAE 

Tr i t i cum  aest i vum 

ARME 

Arbutus  menziesi i 

CEFO 

Ceanothus  foliosus 
Phoradendron  v i 1 losum 

ERCA6 

Eriodictyon  cal i fornicum 

QUDU3 

Quercus  durata 

RHCA 

Rhamnus  ca 1 i forn i ca 

PYRUS 

Pyrus  sp. 

POAV 

Polygonum  aviculare 

ERIOG 

Eriogonum  sp. 

MEL  1 L 

Mel i lotus  sp. 

COARk 

Convolvulus  arvensis 

CIRS1 

Ci rs i um  sp . 

QUM02 

Quercus  morehus 

SAL  IX 

Sal ix  sp. 

RUBUS 

Rubus  sp. 

RHCR 

Rhamnus  crocea 

GAFR 

Garrya  fremonti 

LOINk 

Lonicera  interrupta 

PRUNU 

Prunus  sp. 

RANUN 

Ranunculus  sp. 
Umbel  1 i ferae 

LYHY2 

Lythrum  hyssopifolia 
Limnanthus  douglasil 

POOL 

Portulaca  oleracea 
Sc  rophu lari aceae 

BRODI 

Brodiaea  sp. 

LYC0P2 

Lycopodium  sp. 

HYGL2 

Hypochoeris  glabra 

NIBI 

N i cot i ana  b i g lov i i 

TRIEN 

T r i enta 1 i s 

STME2 

Ste 1 lar i a med i a 
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SCS 

REFERENCE 

TREATHENT/SEASON 

PLANT 

SCIENTIFIC  NAME 

CODE 

MD-  66 

Spri  ng/Summer 

CAREX 

Carex  sp. 

LESQU 

Lesquerel la  sp. 

PETRO 

Petrophy turn  sp. 

CHRYS9 

Chrysothamnus  sp. 

80GR2 

Bouteloua  gracilis 

ASTRA 

Astragalus  sp. 

BE  RE 

Berber! s repens 

LEMO1) 

Leucocrinum  montanum 

STIPA 

Stipa  sp. 

AGSM 

Agropyron  smithii 

MUHLE 

Muhlenbergia  sp. 

ANTEN 

Antennaria  sp. 

DESCU 

Descurainia  sp. 

KOSC 

Kochi  a scoparia 

LATHY 

Lathyrus  sp. 

LEPID 

Lepidium  sp. 

MESA 

Medicago  sativa 

OPUNT 

Opuntia  sp. 

Fa  1! /Wi nter 

CHRYS9 

Chrysothamnus  sp. 

BROMU 

Bromus  sp. 

FESTU 

Festuca  sp. 

AGSM 

Agropyron  smithii 

P0A++ 

Poa  sp. 

ATRIP 

Atr i p lex  sp . 

EULA5 

Eurotia  lanata 

KOSC 

Kochia  scoparia 

LATHY 

Lathyrus  sp. 

SPORO 

Sporobolus  sp. 

STIPA 

Stipa  sp. 

BERE 

Berberi s repens 

LESQU 

Lesquere 1 1 a sp . 

OPUNT 

Opuntia  sp. 

SHEPH 

Shepherdia  sp. 

MD-  68 

Spri ng/Summer 

EUPHO 

Euphorbia  sp. 

DYP  A 

Dyssodia  papposa 

ARLU 

Artemisia  ludoviciana 

Acanthaceae 

JUGLA 

Juglans  sp. 

SPHAE 

Sphaeralcea  sp. 

MELE2 

Melampodium  leucanthus 

VEWR 

Verbena  wr i ght i i 

TRI  FO 

Trifol ium  sp. 

NOLIN 

No I i na  sp. 

FAPA 

Fallugia  paradoxa 

*BEHA 

Mahonia  haematocarpa 

Lichen 

STBA 

Stenandrium  barbatum 

SAKA 

Sal  so  la  kali 

OSKN 

Ostrya  knowl ton i i 

VI  GUI 

Viguiera  sp. 

GARRY 

Garrya  sp. 

Crassulaceae 

ERHA 

E r i ogonum  havardi i 

CHENO 

Chenopodium  sp. 

CLEMA 

Clematis  sp. 

AMELA 

Amelanchier  sp. 

HECO 

Hedeoma  costatum 

Cruc i ferae 

CH0RI2 

Chorizanthe  sp. 

PIED 

Pinus  edulis 

SYMPH 

Symphor icarpos  sp. 

ACACI 

Acacia  sp. 

TEUCR 

Teucrium  sp. 

GUT  IE 

Gutierrezia  sp. 

CEGR 

Ceanothus  greggi i 

ATCA2 

Atriplex  canescens 

AGAVE 

Agave  sp. 
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REFERENCE 

TREATMENT/SEASON 

PLANT 

CODE 

SCIENTIFIC  NAME 

PHJU 

Phoradendron  juniperinum 

DAFO 

Da  lea  formosa 

PROSO 

Prosopis  sp. 

ARTE 

Arbutus  texana 

PTAN 

Ptelea  angustifolia 

LINUM 

Linum  sp. 

COT  13 

Coreopsis  tinctoria 

THALS 

Thlaspi  sp 

LEFE 

Lesquerel la  fendleri 
Li  1 i aceae 

Fa  1 1 /Wi nter 

GARRY 

Garrya  sp. 
Lichen 

GUT  IE 

Gutierrezia  sp. 

PIED 

Pinus  edulis 

MELE2 

Melampodium  leucanthus 

COT  13 

Coreopsis  tinctoria 

OPUNT 

Opuntia  sp. 

NOUN 

Nol i na  sp . 

FAPA 

Fallugia  paradoxa 

VEWR 

Verbena  wr  i ght  i i 

THLAS 

Thlaspi  sp. 

LEFE 

Lesquerel la  fendleri 

CEGR 

Ceanothus  greggi i 

AGAVE 

Agave  sp. 

ATCA2 

Atriplex  canescens 
Cruc i ferae 
Li  1 i aceae 

DAFO 

Da  lea  formosa 

PROSO 

Prosopis  sp. 

ARCAlA 

Artemisia  carruthii 

EUPHO 

Euphorbia  sp. 

SPHAE 

Sphaeralcea  sp. 

VIGUI 

Viguiera  sp. 

TEUCR 

Teucrium  sp. 

ERHA 

Eriogonum  havardii 

CHENO 

Chenopodium  sp. 

MD-  63 

Summer 

P0TR5 

Populus  tremuloides 

SPLU 

Spi raea  1 uc i da 

SAL  IX 

Sa 1 i x sp . 

PSME 

Pseudotsuga  menziesii 
Fragaria  glauca 

ASTER 

Aster  sp. 

MO-  91 

AGSM 

Agropyron  smi thi i 

POFE 

Poa  fendleriana 

AMAL2 

Amelanchier  alnifolia 

SY0R2 

Symphoricarpus  oreophilus 

CHV 1 8 

Chrysothamnus  v i sci d i f 1 orus 

B0GR2 

Boute loua  grac i 1 i s 

ARFR2 

Artemisia  frigida 

MD- 102 

Summer 

ASG 1 5 

Astragalus  gilviflorus 

GLLE3 

Glycyrrhiza  lepidota 

OXYTR 

Oxytropis  sp. 

YUGL 

Yucca  glauca 

CHNA2 

Chrysothamnus  nauseosus 

COST1* 

Cornus  stolonifera 

PRVI 

Prunus  virginiana 

, RHTR 

Rhus  trilobata 

Rl  AU 

Ribes  aureum 

Fall 

ASG  15 

Astragalus  gilviflorus 

GLLE3 

Glycyrrhiza  lepidota 

MEDIC 

Medicago  sp. 

j OXYTR 

Oxytropis  sp. 

I COSTA 

Cornus  stolonifera 

JUNIP 

Juniperus  sp. 

JUC06 

Juniperus  communis 

RIAU 

Ribes  aureum 

SHAR 

Shepherdi a argentea 
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REFERENCE 

TREATMENT/SEASON 

PLANT 

SCIENTIFIC  NAME 

CODE 

Wi nter 

ERMU3 

Eriogonum  multi  ceps 

MEOF 

Me  1 i lotus  officinalis 

OXYTR 

Oxytropis  sp. 

ARCA13 

Artemisia  cana 

JUC06 

Juniperus  communis 

RHTR 

Rhus  tri lobata 

R0SA+ 

Rosa  sp. 

SYMPH 

Symphor i carpus  sp. 

Spr i ng 

ERMU3 

Eriogonum  multi  ceps 

OXYTR 

Oxytropis  sp. 

ARTR2 

Artemisia  tridentata 

CHNA2 

Chrysothamnus  nauseosus 

MD-131 

Summer 

RHVI  3 

Rhus  vi rens 

PRJUG 

Prosopis  glandulosa 

DYSSO 

Dyssodia  sp. 

NOER 

Nol i na  erumpens 

FOAN 

Foresteria  angustifolia 

VI  GUI 

Viguiera  sp. 

ERDI  A 

Erigeron  divergens 

MENOD 

Menodora  sp. 

*HOUST 

Hedyotis  sp. 

AGLE 

Agave  lechegui 1 la 

Late  Summer 

QUERC 

Quercus  sp. 

RHMI3 

Rhus  mi crophy 1 1 a 

PRJUG 

Prosopis  glandulosa 

RHUS+ 

Rhus  sp. 

CERCO 

Cercocarpus  sp. 

DYSSO 

Dyssodia  sp. 

DITE3 

Diospyros  texana 

FOAN 

Foresteria  angustifolia 

VIGUI 

Viguieria  sp. 

JUNIP 

Juniperus  sp. 

Xanthocepha 1 urn  sp. 

PRHA 

Prunus  havard i i 

HOFFM 

Hof fmanseggi a sp. 

ERD 1 4 

Erigeron  divergens 

MENOD 

Menodora  sp. 

BAHIA 

Bahia  sp. 

ECHIN3 

Ech i nocereus  sp. 

Wi nter 

poanA 

Poblieria  angustifolia 

RHMI3 

Rhus  mi crophy 1 1 a 

DALEA 

Dalea  sp. 

ERD!  A 

Erigeron  divergens 

Spr i ng 

ACACI 

Acacia  sp. 

poanA 

Porlieria  angustifolia 

RHUS+ 

Rhus  sp. 

RHTR 

Rhus  tri lobata 

PHORA 

Phoradendron  sp. 

VIGUI 

Viguiera  sp.  * 

LEUC03 

Leucophy 1 1 urn  sp . 

EUSE6 

Euphorbia  serrula 

VERBE 

Verbena  sp. 

ARTEM 

Artemesia  sp. 

KRPAG 

Krameria  glandulosa 

MO- 132 

Wi nter 

FESTU 

Festuca  sp. 

MUHLE 

Muhlenbergia  sp. 

CAREX 

Carex  sp. 

YUCCA 

Yucca  sp. 

EUROT 

Eurotia  sp. 

CHRYS9 

Chrysothamnus  sp. 

Spr i ng 

FESTU 

Festuca  sp. 

MUHLE 

Muhlenbergia  sp. 

POA++ 

Poa  sp. 

AGROP2 

Agropyron  sp. 

STIPA 

Stipa  sp. 

. . 1.,.., _ -_i 

42  4 


Appendix  Table  IV. 12. 


(Cont i nued) 


SCS 

REFERENCE 

TREATMENT/SEASON 

PLANT 

SCIENTIFIC  NAME 

CODE 

CAREX 

Carex  sp. 

ELEOC 

E teochar i s sp. 

JUNCU 

Juncus  sp. 

POTEN 

Potent i 11  a sp . 

PSEUD7 

Pseudotsuga  sp. 

SALIX 

Sal ix  sp. 

ATRIP 

Atriplex  sp. 

CHRYS9 

Chrysothamnus  sp. 

Summer 

FESTU 

Festuca  sp. 

P0A++ 

Poa  sp. 

AGR0P2 

Agropyron  sp. 

MUHLE 

Muhlenbergia  sp. 

BOUTE 

Bouteloua  sp. 

CAREX 

Carex  sp. 

KOCH! 

Kochi  a sp. 

ERIOG 

Ertogonum  sp. 

POTEN 

Potenti 1 la  sp. 

Compos i tae 

ATRIP 

Atriplex  sp. 

RISES 

Ribes  sp.  j 

CERCO 

Cercocarpus  sp. 

RHUS+ 

Rhus  sp. 

CHRYS9 

Chrysothamnus  sp. 

ARTEM 

Artemisia  sp. 

Fa  1 ! 

FESTU 

Festuca  sp. 

P0A++ 

Poa  sp. 

AGR0P2 

Agropyron  sp. 

MUHLE 

Muhlenbergia  sp. 

STIPA 

Stipa  sp. 

BOUTE 

Bouteloua  sp. 

CAREX 

Carex  sp. 

PINUS 

Pinus  sp. 

YUCCA 

Yucca  sp. 

EUROT 

Eurotia  sp. 

BERBE 

Berberis  sp. 

MD- 1 33 

AGSP 

Agropyron  spictaum 

AGSU 

Agropyron  subsecundum 

CARU 

Ca lamagrost i s rubescens 

CAREX 

Carex  sp. 

FEID 

Festuca  tdahoensis 

POA-w- 

Poa  sp. 

ACM  12 

Achillea  millefolium 

ARM  lit 

Artemisia  michauxiana 

ERIGE2 

Erigeron  sp. 

PHHO 

Phi  ox  hood i i 

TRDU 

Tragapogon  dub i us 

TRIFO 

Tri fol i urn  sp. 

Cornus  stolonifera 

JUSC2 

Juniperus  scopulorum 

PICO 

Pinus  contorta 

PIFL2 

Pi nus  f lexi 1 is 

P0TR5 

Populus  tremuloides 

PRVI 

Prunus  vi rgi niana 

PSME 

Pseudotsuga  menziei i 

RIBES 

Ri bes  sp. 

ROAC 

Rosa  aci cu lar i s 

SAUX 

Sal ix  sp. 

SHCA 

Shepherd i a canadens i s 

TECA2 

Tetradymia  canescens 

MD- 1 35 

QUOB 

Quercus  oblongi folia 

MIDY 

Mimosa  dysocarpa 

ARPL2 

Argemone  platyceras 

F0SP2 

Fouqu i er i a sp 1 endens 

JUMO 

Juniperus  monosperma 

ANTH2 

Ani socanthus  thurberi 

80CH 

Bouteloua  chondros i oi des 

BOCU 

Bouteloua  curtipendula 

MD- 1 36 

Clearcut  Forest 

ARC09 

Arnica  cordi fol ia 

*Nomencl ature 


or  authority  change  since 


Reference  is 


for  Black-tailed  Deer 


time  of  publication 
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Appendix  Table  IV, 13.  White  Tail  Deer,  diet  components  with  composition 

proportion  of  5 percent  or  greater  compiled  from 
the  scientific  literature. 


scs 

PLANT 

CODE 

_ 

4/> 

^ ' 

SCIENTIFIC  NAME 

PHOTOSTNTNETIC 

PATHWAY 

X 2 

C i 
•-  O 

Q O'* 
4/1  — 

ii 

IN 

on 

5s 

F 

3 

•/> 

sj 

a. 

<u 

c 

cn 

c 

ks 

cr 

£ 

% 3 

r.  -> 

X2 

cc 

F 

3 

*0 

u. 

k_ 

U 

c 

5 

O' 

C 

4. 

SCS 

PLANT 

CODE 

TOTAL  GRASSES 

6 

38 

0OUTE 

Bouteloua  sp. 

CE 

12 

BOUTE 

BOCK 

Boutc loua 

chomdros loi des 

<V 

5 

BOCH 

HORDE 

Hordeuro  sp. 

C3* 

5 

14 

HOROE 

Un  1 dent i f i ed 

grasses 

24 

SCS 

PLANT 

CODE 

SCIENTIFIC  NAME 

photosynthetic 

PATHWAY 

rrv 

is 

cc 

C 1 

— o 
u r*- 

^o.  <7N 

•ts 

OC 

IN 

cn 

i s 

i 

3 

S- 

si 

"J 

a 

c 

5 

03 

C 

i. 

un 

r*N 

«►*  < 

v u. 
cc 

<0  3 

r -7 

i^i 

»’  S 

1 

3 

i 

U 

V 

c 

5 

c* 

u 

a 

SCS 

PLANT 

CODE 

TOTAL  F0R8S 

21 

8 

18 

12 

54 

17 

29 

18 

APRS 

Aphanostephus 

rlddetlil 

V 

10 

7 

APR! 

APK1 

Aphanos  tephus 
ki dderl 

V 

6 

APKI 

EUSE6 

Euphorbia  serrula 

c<, 

19 

7 

EUSE6 

ERDI6 

Erigeron  dlvergens 

u 

5 

ERDI6 

L00R2 

Lotus  oroboides 

<V 

5 

L00R2 

EM  OG 

Eriogonum  sp. 

C(,+ 

5 

ERIOG 

ERWR 

Eriogonum  wrlghtll 

14 

ERWR 

m sa 

Hedi cago  sat i va 

c3 

39 

7 

14 

MESA 

WELIA3 

He  1 i anthus  sp. 

5 

HELIA3 

TROV 

Tragopogon  dub • us 

C3 

7 

TRDV 

Unidentified  forbs 

7 

C 

scs 

fuwr 

coot 

SC  1 ENT  1 PI C NAME 

PHOTOSYNTHETIC 

PATHWAY 

pn 

ts 

CC 

enr-* 
c » 
— o 

o.  tr\ 
4/>  e- 

» 

i 3 

l 

l n 

■ss 

oe 

t- 

*/> 

L. 

<u  I 

ns  3 
— 1 

4> 

C 

5 

cn 

c 

a 

4/1 

UN 

•*-*  < 
u u. 
ae 

u >> 
<%  *3 

X. 

5 

ts 

cC 

I 

t- 

<y 

c 

5 

o» 

c 

a 

4/* 

SCS  I 

PLANT 

cooe 

TOTAL  SHRUBS 

18 

60 

31 

27 

45 

8l 

65 

43 

P0GL9 

Prosopls  glandulosa 

9 

6 

8 

P0GL9 

AC  AC  I 

Acacia  sp. 

12 

7 

5 

ACACI 

QUCRC 

Quercut  sp. 

11 

8 

QUERC 

roMt> 

Pori lerla 

engust 1 fol la 

*3 

P0AW4 

CAWR3 

Garrya  wrlght 1 1 

n 

GAWR3 

RMV 1 3 

Rhus  vlrens 

c3. 

12 

5 

RHV8J 

Rhhj  3 

Rhus  mi  crophy 1 1 a 

Cj* 

5 

RMMI3 

EVPO 

Eyscnhardt !a 
polystachya 

13 

EYPO 

RRRA 

Kramerla  parvl fol ia 

' 

8 

KRPA 

PERU 

Fondlera  rupicola 

13 

PERU 

STPAA 

Stephanomer la 
pauci flora 

• c4 

8 

STPA4 

MOHS 

Nol Ina  mlcrocarpa 

9 

NOMI 

AAPU 

Argemone 

piatycaras 

tA* 

5 

ARPL2 

C0ST4 

Cornus  stolon! fera 

8 

COST*! 

POSAl 

Populus  sargantll 

1 1 

12 

16 

22 

ROSAS 

STOC 

Symphorlcarpos 
occidental  1 s 

19 

95 

25 

10 

SYOC 

AR107 

Artemisia  longlfolla 

12 

ARL07 

PSHl  • 

Psaudotsuga 
taxi fol ia 

6 

RSnt  * 

Unidentified  shrubs 

8 
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SCS 

plant 

CODE 

SCIENTIFIC  NAHE 

TOTAL  OTHER 

Opuntia  llndhelmerl 
var.  tricolor 

OPLI 

Opuntia  llndhelmerl 

0PEN2 

Opunt i a 

enge 1 mann i 1 

AGIE 

Agave  lechegui 1 la 

photosynthetic 

PATHWAY 


X2 


2i 


t 2 


scs 

PLANT 

CODE 


C*,-CAH4. 

Cj,-CAM* 


Unident i f ied  plants 


2*i 


28 


7 
2 t 
22 


OPLI 

CPE.N2 


* Nomenclature  or  authority  change  since  time  of  publication 
+ Provisional  photosynthetic  pathway  assignment 
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Appendix  Table  IV. 1 4 . White-tailed  Deer,  additional  diet  components  with 

composition  proportion  of  less  than  5 percent 
compiled  from  the  scientific  literature. 


scs 

REFERENCE 

TREATMENT/SEASON 

PLANT 

SCIENTIFIC  NAME 

CODE 

WT-  31 

Spring 

PHVI6 

Cel  tis  pallida 
Physalis  viscosa 
Condalia  obtusifolia 

poanA 

Porlieria  angustifolia 

CAIN2 

Callirhoe  involucrata 

ACGR 

Acac i a gregg i i 

BUCE 

Bumel ia  celastrina 

APK ! 

Aphanostephus  kidderl 

OPLE 

Opunt i a leptocau 1 i s 

PAC011 

Parthenium  confertum 

DITE3 

Dlospyros  texana 
Castel la  texana 

ACBE 

Acacia  berlandieri 

DAAU 

Dalea  aurea 

LYBE 

Lycium  berlandieri 

PSGN 

Psilostrophe  gnaphalodes 

THELE 

Thelesperma  sp. 

GABR2 

Gaura  brachycarpa 

ACTO 

Acacia  tortuosa 

LEGR2 

Lesquerella  gracilis 

PEDE  5 

Petaiostemum  decumbens 

AMPS 

Ambrosia  psilostachya 

OENOT 

Oenothera  sp. 

SPPE2 

Sphaeralcea  pedatifida 

ACRI 

Acacia  rigidula 
Schaefferia  cunei folia 

ZAFA 

Zanthoxylum  fagara 

VEPL 

Verbena  p 1 i cata 

*EYAN 

Eysenhardtia  texana 

BYTE 

Dyssodia  tenuiloba 

CECI 

Cenchrus  c i 1 i ar i s 

CYBA 

Cynanchum  barbigerum 

MEHE2 

Menodora  heterophylla 

PLHO 

Plantago  hookeriana 

AC0B2 

Acleisanthes  obtusa 

LEFR3 

Leucophyllum  frutescens 
Condal ia  hooker i 

SIFI2 

Sida  f i 1 icaul  is 
Zornia  bracteata 
Schrankia  latidens 
Colubrina  texensis 

EPAN 

Ephedra  ant i syphl i t i ca 

CATE  10 

Cassia  texana 

COARA 

Convolvulus  arvensis 

CITE2 

Ci rsium  texanum 

RHAM 

Rhynchosla  americana 
Kramerla  ramosissima 

PRJUG 

Prosopis  juliflora  glandulosa 
Compos i tae 

ZEH1 

Zexmenia  hispida 
Setari a f i rmula 
Cere  id i um  texanum 

PASE5 

Paspalum  setaceum 

DITE3 

Diospyros  texana 

YUTR 

Yucca  treculeana 
Sol anaceae 

*RAC03 

Ratibida  columnar  is 

EUPR3 

Euphorbia  prostrata 

LYBE 

Lycium  berlandieri 

VERBE 

Verbena  sp. 

PHIN6 

Phyla  incisa 

GAPU 

Gai  1 lardia  pulchel la 

CLDR 

Clematis  drummondii 

Acanthaceae 

Evax  verna 

PYMU2 

Pyrrhopappus  multicaulis 

RUCR 

Rumex  crispus 

VILE2 

Vicia  leavenworthi i 

ACRA 

Acalphya  radians 

LI  IM 

Linum  imbricatum 

NOB  1 2 

Nothoscordum  bivalve 

PHACE 

Phace 1 i a sp . 

POMU2 

Portulaca  mundula 

AP ! ST 

Aristida  sp. 
Prosopis  reptans 

*GUTIE 

Xanthocephalum  sarothrae 
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(Cont  S nued) 


scs 

REFERENCE 

TREATMENT/SEASON 

PLANT 

SCIENTIFIC  NAME 

CODE 

WT-  32 

ACGR 

Acac i a gregg i i 

BUCE 

Bumel ia  celastrina 
Cel tis  pal  1 Ida 

COER 

Commel i na  erecta 

ZAFA 

Zanthoxy lum  fagara 

LAMA2 

Lantana  macropoda  var.  albi flora 
Castela  texana 

MEHE 

Menodora  heterophylia 
Colubrina  texensis 

XATE 

Xanthisma  texanum 

PIFL3 

Pi thecel lobium  flexicaule 

POAN'f 

Porlieria  angustifolia 

LEFR3 

Leucophy 1 lum  frutescens 
Schaefferia  cuneifolia 

TRRA2 

Tr ixi s rad i a 1 i s 

DITE3 

Diospyros  texana 

EUPR3 

Euphorbia  prostrata 

PH  V 1 6 

Physa 1 is  vi scosa 

AMPS 

Ambrosia  psilostachya 
Prosopis  reptans  var. 

c i nerascens 

GABR2 

Gaura  brachycarpa 

CYBA 

Cynanchum  barbigerum 
Zizphus  obtusifolia 

PACO  1 1 

Parthenium  confertum 

PHORA 

Phoradendron  sp. 

PSGN 

Psilostrophe  gnaphloides 

ACRI 

Acacia  rigidula 

S0TR2 

Solanum  triguetrum 

CODI 

Cocculus  di versi fol ius 

* RAC 03 

Ratibida  columnaris 

AC0B2 

Acleisanthes  obtusa 
Krameria  ramosissima 

EPAN 

Ephedra  ant i syphi 1 i t ica 

*EYAN 

Eysenhardtia  texana 

OPLE 

Opuntia  leptocaulis 

ZEHI 

Zexmenia  hispida 

WT-131 

Summer 

ACACI 

Acacia  sp. 

QUERC 

Quercus  sp. 

POAN*) 

Porlieria  angustifolia 

RHMI3 

Rhus  mi crophy 1 1 a 

DALEA 

Dalea  sp. 

CERCO 

Cercocarpus  sp. 

NOER 

Nol i na  erumpens 

DITE3 

Diospyros  texana 

VIGUI 

Viguiera  sp. 

JUNIP 

Jun i perus  sp. 

VERBE 

Verbena  sp. 

MENOD 

Menodora  sp. 

MENTH 

Mentha  sp . 

ECHIN3 

Echinocereus  sp. 

Late  Summer 

RHVI3 

Rhus  vi rens 

DALEA 

Dalea  sp. 

RHUS+ 

Rhus  sp. 

CERCO 

Cercocarpus  sp. 

RHTR 

Rhus  tri lobata 

DYSSO 

Dyssodia  sp. 

PICE 

Pinus  cembroides 

EUSE6 

Euphorbia  serrula 

ERDlA 

Erigeron  divergens 

VERBE 

Verbena  sp. 

ARTEM 

Artemisia  sp. 

SETCR 

Setcreasea  sp. 

AGLE 

Agave  lechegulla 

0PEN2 

Opuntia  engelmanni i 
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(Cont i nued) 


SCS 

REFERENCE 

TREATMENT/SEASON 

PLANT 

CODE 

SCIENTIFIC  NAME 

Wi nter 

QUERC 

Quercus  sp. 

POANk 

Porlieria  angustifolia 

DALEA 

Da  lea  sp. 

RHUS+ 

Rhus  sp. 

CERCO 

Cercocarpus  sp. 

RHTR 

Rhus  tri lobata 

DYSSO 

Dyssodia  sp. 

DITE3 

Diospyros  texana 

JUNIP 

Juniperus  sp. 

EUSE6 

Euphorbia  serrula 

VERBE 

Verbena  sp. 

ARHU5 

Argythamnia  humilis 

MENOD 

Menodora  sp. 

*H0UST 

Hedyotis  sp. 

ARTEM 

Artemisia  sp. 

BOUTE 

Bouteloua  sp. 

Spring 

DYSSO 

Dyssodia  sp. 

FRGR2 

Fraxi nus  gregi I 

FAPA 

Fal  lugia  paradoxa 

FOAN 

Foresteria  angustifolia 

PHORA 

Phoradendron  sp. 

VIGUI 

Viguiera  sp. 

PEHA2 

Penstemon  havardii 

CROTO 

Croton  sp. 

WT-135 

CAER 

Calliandra  eriophylla 

QUOB 

Quercus  oblongi folia 

CERE2 

Celtis  reticulata 

MIDY 

Mimosa  dysocarpa 

F0SP2 

Fouquieria  splendens 

ACGR 

Acac i a gregg i i 

ANTH2 

Aniscanthus  thurberi 

BOCU 

Bouteloua  curtipendula 

WT-137 

Summer 

RHTR 

Rhus  tri lobata 

RONU 

Rosa  nutkana 

SALIX 

Sa 1 i x sp . 

APCA 

Apocynum  cannabinum 

COARI) 

Convolvulus  arvense 

HE  L i A3 

Hel  ianthus  sp. 

KOSC 

Kochia  scoparia 

RUMEX 

Rumex  sp. 

HORDE 

Hordeum  sp. 
Grami neae 

Fall 

COST4 

Cornus  stolonifera 

PIPO 

Pinus  ponderosa 
Pseudotsuga  taxi  folia 

RONU 

Rosa  nutkana 

SALIX 

Sal ix  sp. 

COAR4 

Convolvulus  arvense 

KOSC 

Kochia  scoparia 

RUMEX 

Rumex  sp. 

HORDE 

Hordeum  sp. 
Gramineae 

Wi  nter 

ARCA13 

Artemisia  cana 

ARTR2 

Artemisia  tridentata 

CHVI8 

Chrysothamnus  vicidiflorus 

PIPO 

Pinus  ponderosa 

RONU 

Rosa  nutkana 

SALIX 

Sal ix  sp. 

CERE3 

Centaurea  repens 

MESA 

Medicago  sativa 

RUMEX 

Rumex  sp. 

YUGL 

Yucca  glauca 
Grami neae 
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(Cent i nued) 


REFERENCE 

TREATMENT/SEASON 

SCS 

PLANT 

CODE 

SCIENTIFIC  NAME 

Spring 

ARCA1 3 
ARTR2 
CHV 1 8 

RHTR 
RONU 
SAL  IX 
KOSC 
MESA 
RUMEX 

Artemisia  cana 
Artemisia  tridentata 
Chysothamnus  vicidiflorus 
Pseudotsuga  taxi  folia 
Rhus  tri lobata 
Rosa  nutkana 
Sal ix  sp. 

Kochi  a scoparia 
Medicago  sativa 
Rumex  sp. 

Nomenclature  or  authority  change  since  time  of  publication 
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Appendix  Table  IV. 16,  Elk,  additional  diet  components  with  composition 

proportion  of  less  than  5 percent  compiled  from 
the  scientific  literature. 


SCS 

REFERENCE 

TREATMENT/SEASON 

PLANT 

CODE 

SCIENTIFIC  NAME 

E-  13 

ARTR2 

Artemisia  tridentata 

EULA5 

Eurotia  lanata 

AMUT 

Amelanchier  utahensis 

KOCR 

Koeleria  cristata 

BROMU 

Bromus  sp. 

ORHY 

Oryzopsis  hymenoides 

PIED 

P i nus  edu 1 i s 

E-  28 

Annual  Average 

ATRIP 

At r i p 1 ex  sp . 

ARTEM 

Artemisia  sp. 

ORHY 

Oryzopsis  hymenoides 

CAREX 

Carex  sp. 

EULA5 

Eurotia  lanata 

BROMU 

Bromus  sp. 

POA-m- 

Poa  sp. 

R0SA+ 

Rosa  sp. 

SAKA 

Salsola  kali 

SAVE** 

Sarcobatus  vermiculatus 

ELCO 

Elaeagnus  commutata 

*FESTU 

Vulpia  sp. 

SPORO 

Sporobolus  sp. 

LESQU 

Lesquere 1 la  sp. 

CHNA2 

Chrysothamnus  nauseosus 

CRYPT 

Cryptantha  Sp. 

DIST 

Distichl is  stricta 

E-  66 

Spri ng/Summer 

JUNIP 

Juniperus  sp. 

BERE 

Berberis  repens 

QUGA 

Quercus  gambelii 

B0GR2 

Bouteloua  graci 1 i s 

CEM02 

Cercocarpus  montanus 

MUHLE 

Muhlenbergia  sp. 

Fa  1 setarragon  sagewort 

ARTR2 

Artemisia  tridentata 

AGSM 

Agropyron  smith! i 

HODU 

Holodiscus  dumosus 

YUGL 

Yucca  giauca 

CHRYS9 

Chrysothamnus  sp. 
Spring  parsley 

ERIGE2 

Erigeron  sp. 

LESQU 

Lesquerel la  sp . 

LUPIN 

Lupinus  sp. 
Lanceleaf  bluebells 

OPUNT 

Opuntia  sp. 

PIED 

P i nus  edul i s 

RHUS+ 

Rhus  sp. 

SHEPH 

Shepherdia  sp. 

SPHAE 

Sphaeralcea  sp. 

Fa  1 1 /Wi nter 

EULA5 

Eurotia  lanata 

JUNIP 

Juniperus  sp. 

CHRYS9 

Chrysothamnus  sp. 

CAREX 

Carex  sp. 

B0GR2 

Boute loua  grac i 1 i s 

MUHLE 

Muhlenbergia  sp. 

BERE 

Berberis  repens 

GUT  IE 

Gutierrezia  sp. 

DANTH 

Danthonia  sp. 

ORHY 

Oryzopsis  hymenoides 

SPORO 

Sporobolus  sp. 

ALNUS 

Alnus  sp. 

ATRIP 

Atriplex  sp. 

ERIGE2 

Erigeron  sp. 

LESQU 

Lesquere 11a  sp . 

LUPIN 

Lupinus  sp. 
Lanceleaf  bluebells 

QUGA 

Quercus  gambelii 

SHEPH 

Shepherdia  sp. 

YUGL 

Yucca  giauca 
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(Cont i nued) 


SCS 

REFERENCE 

TREATMENT/SEASON 

PLANT 

SCIENTIFIC  NAME 

CODE 

E-  89 

Spri ng/Summer 

TR1F0 

Tri  fol  i urn  sp. 

SALIX 

Sal  ix  sp. 

BEPA 

Betula  papyrifera 

AMAL2 

Amelanchier  alnifolia 

P0TR5 

Populus  tremuloides 

Winter 

P0BA2 

Populus  balsamifera 

C0C06 

Corylus  cornuta 

SHCA 

Shepherdia  canadensis 

E-  90 

Summer 

GER02 

Geum  ross i i 

*K0BE 

Kobresia  myosuroi des 

CACA4 

Ca lamagrost is  canadensis 

VACC1 

Vacci nium  sp. 

CALE4 

Caltha  leptosepala 

Wi nter 

CACA4 

Calamagrostis  canadensis 

BRIN2 

Bromus  inermis 

SALIX 

Sal ix  sp. 

ERUM 

Eriogonum  umbel  latum 

STC04 

Stipa  comata 

PUTR2 

Purshia  tridentata 

E-126 

PICO 

Pinus  contorta 

PSME 

Pseudotsuga  menziesii 

SALIX 

Sa 1 i x sp. 

ARUV 

Arctostaphy los  uva-ursi 

ACM  12 

Achillea  millefolium 

ARLA8 

Arni ca  1 at i fol ia 

BASA3 

Balsamorhiza  sagittata 

CAST  12 

Cast i 1 leja  sp. 

Alectoria  americana 

E-127 

Spri  rug 

AGSP 

Agropyron  spicatum 

FESC 

Festuca  scabrel la 

KOCR 

Koeleria  cristata 

CAREX 

Carex  sp. 

ACM  12 

Achillea  millefolium 

AGGL 

Agoseris  glauca 

ANPA4 

Antennaria  parvifolia 

ARNIC 

Arnica  sp. 

ARFR4 

Artemisia  frigida 

CEAR4 

Cerastium  arvense 

Cl  RSI 

Cirsium  sp.  ' 

GEVI2 

Geranium  vi scoss i ss imum 

GETR 

Geum  triflorum 

HICY 

Hieracium  cynoglossoides 

LUPIN 

Lupinus  sp . 

POTEN 

Potent  ilia  sp. 

SEDE2 

Se 1 ag i nel la  densa 

TARAX 

Taraxacum  sp. 

Summer 

AGSP 

Agropyron  spicatum 

BROMU 

Bromus  sp. 

FEID 

Festuca  idahoensis 

KOCR 

Koeleria  cristata 

PHLEU 

Phleum  sp. 

CAREX 

Carex  sp. 

ACMI2 

Achillea  millefolium 

ANPA4 

Antennaria  parvifolia 

ARNIC 

Arnica  sp. 

CEAR4 

Cerastium  arvense 

Cl  RSI 

Cirsium  sp . 

ERUM 

Eriogonum  umbel  latum 

FRVI 

Fragaria  virginiana 

GEVI2 

Geranium  v i scoss i ss imum 

GETR 

Geum  triflorum 

HICY 

Hieracium  cynoglossoides 

LUPIN 

Lupinus  sp. 

MICR06 

Microseris  sp. 

Similacina  racemosa 

VACCI 

Vacci nium  sp. 

■ 
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Appendix  Table  IV. 16. 


(Conti nued) 


SCS 

REFERENCE 

TREATMENT/SEASON 

PLANT 

SCIENTIFIC  NAME 

CODE 

E-  132 

Wi  nter 

MUHLE 

Muhlenbergia  sp. 

CAREX 

Carex  sp. 

JUNIP 

Juniperus  sp. 

PINUS 

Pinus  sp. 

ATRIP 

Atriplex  sp. 

EUROT 

Eurotia  sp. 

CHRYS9 

Chrysothamnus  sp. 

Spri ng 

STIPA 

St i pa  sp . 

ELEOC 

Eleocharis  sp. 

JUNCU 

Juncus  sp. 

POTEN 

Potent i 1 1 a sp. 

JUNIP 

Juniperus  sp. 

PINUS 

Pinus  sp. 

PSEUD7 

Pseudotsuga  sp. 

SALIX 

Sal ix  sp. 

ATRIP 

Atriplex  sp. 

RIBES 

Ribes  sp. 

CERCO 

Cercocarpus  sp. 

CHRYS9 

Chrysothamnus  sp. 

Summer 

P0A++ 

Poa  sp. 

AGR0P2 

Agropyron  sp. 

MUHLE 

Muhlenbergia  sp. 

BOUTE 

Bouteloua  sp. 

KOCHI 

Kochi  a sp. 

Compos i tae 

SALIX 

Sa 1 i x sp . 

ATRIP 

Atriplex  sp. 

RIBES 

Ribes  sp. 

CERCO 

Cercocarpus  sp. 

R0SA+ 

Rosa  sp. 

RHUS+ 

Rhus  sp. 

CHRYS9 

Chrysothamnus  sp. 

Fa  1 1 

MUHLE 

Muhlenbergia  sp. 

BOUTE 

Bouteloua  sp. 

POTEN 

Potent  ilia  sp . 

LUPIN 

Lupinus  sp. 

PINUS 

P i nus  sp . 

PSEUD7 

Pseudotsuga  sp. 

SALIX 

Sal ix  sp. 

BERBE 

Berberis  sp. 

CERCO 

Cercocarpus  sp. 

E-  133 

AGSU 

Agropyron  subsecundum 

CARU 

Ca 1 amagros t i s rubescens 

P0A++ 

Poa  sp. 

STV 1 4 

S t i pa  vi r i dul a 

ACM  12 

Achillea  millefolium 

ARFRlt 

Artemisia  frigida 

BASA3 

Balsamorrhiza  sagi  ttata 

ERIGE2 

Erigeron  sp. 

LUPIN 

Lupinus  sp. 

SOM  1 2 

Solidago  missouriensis 

TRDU 

Tragapogon  dub i us 

CHV 1 8 

Chrysothamnus  vicidiflorus 

JUC06 

Juniperus  communis 

PICO 

Pinus  contorta 

P0TR5 

Populus  tremuloides 

ROAC 

Rosa  acicularis 

SALIX 

Sal ix  sp. 

SHCA 

Shepherdia  canadensis 

Nomenclature  or  authority  change  since  time  of  publication 
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Appendix  Table  IV. 17. 


Feral  Horses,  diet  components  with 
proportion  of  5 percent  or  greater 
from  the  scientific  literature. 


compos i t i on 
compi led 


SCS 
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12 

12 

6 

10 
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c3 
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18 

13 

17 
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9 
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Appendix  Table  IV. 1 8 . 


Horses,  additional  diet 
proportion  of  less  than 
the  scientific  literatu 


components  with  composition 
5 percent  compiled  from 
re. 


SCS 

REFERENCE 

TREATMENT/SEASON 

PLANT 

SCIENTIFIC  NAME 

CODE 

H-  A 

Spr i ng/Summer 

ATRIP 

Atriplex  sp. 

BOUTE 

Bouteloua  sp. 

MUHLE 

Muhlenbergia  sp. 

SEMA5 

Setaria  macrostachya 

Fa  1 1/Winter 

AGR0P2 

Agropyron  sp. 

BOUTE 

Bouteloua  sp. 

MUHLE 

Muhlenbergia  sp. 

SEMA5 

Setaria  macrostachya 

Yearlong 

ANDR02 

Andropogon  sp. 

ARIST 

Aristida  sp. 

HILAR 

Hi laria  sp. 

LYCUR 

Lycurus  sp . 

ORYZO 

Oryzopsis  sp. 

PANIC 

Panicum  sp. 

ARTEH 

Artemisia  sp. 

LESQU 

Lesquerella  sp. 

QENOT 

Oenothera  sp. 

SPHAE 

Sphaeralcea  sp. 

H-  13 

ORHY 

Oryzopsis  hymenoides 

DANTH 

Danthonia  sp. 

EULA5 

Eurotia  lanata 

AMUT 

Amelanchier  utahensis 

ARTR2 

Artemisia  tridentata 

CECRO 

Cercocarpus  sp. 

H-  16 

EULA5 

Eurotia  lanata 

AMUT 

Amelanchier  utahesls 

FESTU 

Festuca  sp. 

LESQU 

Lesquerel la  sp. 

CHRYS9 

Chrysothamnus  sp. 

PIED 

P i nus  edu 1 i s 

JUNIP 

Juniperus  sp. 

ARTR2 

Artemisia  tridentata 

CEM02 

Cercocarpus  montanus 

MERTE 

Mertensia  sp. 

QUGA 

Quercus  gambelii 

H-  22 

FESTU 

Festuca  sp. 

CAREX 

Carex  sp. 

EULA5 

Eurotia  lanata 

ELYMU 

Elymus  sp. 

CERCO 

Cercocarpus  sp. 

KOCR 

Koeleria  cristata 

ARTR2 

Artemisia  tridentata 

PUTR2 

Purshia  tridentata 

JUNIP 

Juniperus  sp. 

H-  28 

Annual  Average 

EULA5 

Eurotia  lanata 

ATRIP 

Atriplex  sp. 

BROMU 

Bromus  sp. 

SYMPH 

Symphoricarpos  sp. 

POA-w- 

Poa  sp. 

CHNA2 

Chrysothamnus  nauseosus 

SPHAE 

Sphaeralcea  sp. 

ARTEM 

Artemisia  sp. 

SAKA 

Sal  sola  kal i 

SAVEA 

Sarcobatus  vermiculatus 

*FESTU 

Vulpia  sp . 

SPORO 

Sporobolus  sp. 

DIST 

Distichl is  stricta 

^Nomenclature  or  authority  change  since  time  of  publication 
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Appendix  Table  IV. 19. 


Burro,  diet  components  with  composition 
proportion  of  5 percent  or  greater 
compiled  from  the  scientific  literature 


scs 

PLANT 

coot 

SCIENTIFIC  NA«£ 

PHOTOSVNTHETIC 

PATHWAY 

© 

3 

C 

5 

so 

< 

S'* 

C 

Q. 

| 

U. 

V 

c 

j 
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r* 

X 2 
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C 

a 

VO 

•* 
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PLANT 

COOE 

TOTAL  GRASSES 

8 

5 

10 

10 

TWICE 

Trlden*  sp. 

1 
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Cl, 

25 

15 
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cj ♦ 

7 
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c 
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COOE 

TOTAL  SHRUBS 

39 

76 

78 

69 

2<S 

77 

TAPE 

Tamarlx  pentandra 

9 

TAPE 

CEF12 

Cercldlum  florldum 

28 

21 

15 

CEFL2 

PAOSO 

Prosopsl*  sp. 

18 

9 

PROSO 

MYSA 

Hymenoclea  salsola 

5 

10 

6 

HYSA 

PISE 

Pluchea  serlcea 

17 

8 

PLSE 

ACGR 

Acacia  greggl 1 

1 1 

6 

ACCR 

OPUNT 

Opuntla  sp. 

C|,- CAM 

5 

OPUMT 

Ambrosia  dumosa 

5 

IE 

+ 


Provisional  photosy thet I c pathway  assignment 
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Appendix  Table  IV. 20.  Burro,  additional  diet  components  with  composition 

proportion  of  less  than  5 percent  compiled  from 
the  scientific  literature. 


SCS 

REFERENCE 

TREATMENT/SEASON 

PLANT 

SCIENTIFIC  NAME 

CODE 

BO-  10 

SPHAE 

Sphaeralcea  sp. 

ACC02 

Acacia  constrlcta 

ERIOG 

Eriogonum  sp. 

T 1 OB 

Tidestromia  oblongifolia 

ARTEM 

Artemisia  sp. 

PHCA8 

Phoradendron  californicum 

CAREX 

Carex  sp. 

EPNE 

Ephedra  nevadensis 

HIRI 

Hi laria  rigida 

PESC4 

Peucephy 1 1 um  schottii 

LYCIU 

Lycium  sp. 

CRB  12 

Crossosma  bigelovii 

BO-128 

Spr i ng 

ARIST 

Aristida  sp. 

BRRU2 

Bromus  rubens 

SCBA 

Schismus  barbatus 

TRPU2 

Tridens  putchellus 

SORGH 

Sorgum  sp. 

ERIOG 

Eriogonum  sp. 

Ml  B 1 8 

Mi rabi 1 i s bigelovii 

MENTZ 

Mentzel ia  sp. 

0EN0T 

Oenothera  sp. 

CRYPT 

Cryptantha  sp. 

GECA2 

Geraea  canescens 

CAWR 

Calycoseris  wrightii 

CEFL2 

Cersidium  floridum 

PR0S0 

Prosopis  sp. 

ACGR 

Acacia  greggi i 

KRGR 

Krameria  gray! 

LADI2 

Larrea  divaricata 

F0SP2 

Fouquieria  splendens 

OPUNT 

Opuntia  sp. 

HYEM 

Hyptis  emoryi 

LYAN 

Lyc i um  anderson i i 

HYSA 

Hymenoclea  salsola 

ENFA 

Ence 1 ia  far i nosa 

PLSE 

Pluchea  sericea 

*FRDU 

Ambrosia  dumosa 

BE  JU 

Bebbia  juncea 

Summer 

MUP02 

Muhlenbergia  porteri 

SORGH 

Sorghum  sp. 

ERIOG 

Eriogonum  sp. 

CRYPT 

Cryptantha  sp. 

CAAR10 

Cassia  armata 

ACGR 

Acac i a gregg i i 

KRGR 

Krameria  grayi 

F0SP2 

Fouquieria  splendens 

HYEM 

Hyptis  emoryi 

LYAN 

Lyc i um  anderson i i 

ENFA 

Ence) ia  fari nosa 

*FRDU 

Ambrosia  dumosa 

Fall 

ARIST 

Aristida  sp. 

MUP02 

Muhlenbergia  porteri 

BRRU2 

Bromus  rubens 

TRPU2 

Tridens  pulchel lus 

SORGH2 

Sorghum  sp. 

ERIOG 

Eriogonum  sp. 

OENOT 

Oenothera  sp. 

PECTO 

Pectocarya  sp. 

CRYPT 

Cryptantha  sp. 

M 1 B 1 6 

Mi  mu  1 us  bigelovii 

PLIN3 

Plantago  insularis 

PASC 

0a 1 ea  schott i i 

KRGR 

Krameria  grayi 

LADI2 

Larrea  divaricata 

SPAM2 

Sphaeralcea  ambigua 

F0SP2 

Fouqueria  splendens 

LYAN 

Lyciun  andersonii 

BE  JU 

Bebbia  juncea 

PESC4 

Peucephyllum  schottii 

hh  0 


Appendix  Table  I V . 20 . 


(Conti nued) 


scs 

REFERENCE 

TREATMENT/SEASON 

PLANT 

SCIENTIFIC  NAME 

CODE 

Wi nter 

ARIST 

Aristida  sp. 

MUP02 

Muhlenbergia  porter) 

SCBA 

Schismus  barbatus 

S0RGH2 

Sorghum  sp. 

ERIOG 

Eriogonum  sp. 

0EN0T 

Oenothera  sp. 

Langloisia  setosissima 

PECTO 

Pectocarya  sp. 

M 1 B 1 6 

M i mu  1 us  b i ge lov i i 

GECA2 

Geraea  canescens 

CAWR 

Calycoseris  wrightii 

CAAR10 

Cassia  armata 

PROSO 

Prosopsis  sp. 

DASC 

Dalea  schottii 

KRGR 

Krameria  grayi 

LADI2 

Larrea  divaricata 

SPAM2 

Sphaeralcea  ambigua 

F0SP2 

Fouqueria  splendens 

OPUNT 

Opuntia  sp. 

HYEM 

Hyptis  emoryi 

LYAN 

Lucium  andersoni i 

ENFA 

Encelia  farinosa 

PLSE 

Pluchea  sericea 

BE  JU 

Bebbia  juncea 

PESC4 

Peucephy 1 lum  schottii 

'^Nomenclature  or  authority  change  since  time  of  publication 
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Optimization  Algorithms 

Table  of  Standard  Normal  Deviates  Fractile  Values  (K  Values) 
Implemented  Computer  Codes 

Subroutine  GCOMP : Model  5 Series 

Subroutine  GCOMP:  Model  6 Series 

FORTRAN  Program  RHS5:  Model  5 Series 

FORTRAN  Program  RHS6 : Model  6 Series 

Gradient  of  Model  2B 
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Optimization  Algorithms 

This  section  consider  some  of  the  characteristics  of  a few  of  the 
available  computational  algorithms. 

A great  variety  of  computation  algorithms  have  been  developed  by  the 
scientific  community  for  solving  optimization  problems.  Numerous  books  are 
available  on  the  subject.  Therefore,  the  purpose  of  the  present  section  is 
only  to  briefly  review  some  linear  and  nonlinear  programming  algorithms  which 
we  have  tested  and  found  useful.  It  should  be  noted  also  that  most  computer 
manufacturing  companies  have  available,  at  costs,  computational  algorithm 
packages  for  linear  progra mm ing  problems.  These  allow  problems  of  large 
dimensionality  and  are  quite  efficient  in  their  computing  characteristics. 

Program  LINPRO  uses  the  revised  simplex  method  with  an  explicit  inverse 
in  solving  linear  programming  problems.  It  will  solve  either  minimization  or 
maximization  problems.  One  does  not  need  to  add  slack,  surplus,  or  artificial 
variables  in  setting  up  the  problem.  The  program  does  this  for  you. 
Constraints  must  be  read  in  in  the  following  order:  (i)  all  less  than  or 
equal  to  constraints  first;  (ii)  all  greater  than  or  equal  to  constraints; 
(iii)  and  al!  equality  constraints.  The  program  allows  the  user  to  solve 
several  problems  in  a single  run.  The  output  of  the  program  shows  the  user 
the  coefficients  that  were  read  in  for  the  objective  function  and  the 
coefficients  that  were  read  in  for  the  A j j matrices  as  well  as  the  right-hand 
side  Bj.  The  output  gives  the  slack  and  the  surplus  variables.  The  optimal 
value  of  the  decision  variables  and  the  optimal  value  of  the  objective 
function  are  also  provided  along  with  a complete  sensitivity  analysis  that 
includes  the  dual  variables  and  a full  right-hand  side  and  cost  coefficient 
range.  This  program  uses  a subroutine  titled  SIMPLX  which  is  a commercial 
explicit  inverse  revised  simplex  code  developed  by  the  Rand  Corporation. 

A quadratic  programming  program  is  one  in  which  the  objective  function  is 
quadratic  in  nature  whereas  the  constraints  are  linear.  Programs  LEMKE  and 
QUAD  are  quadratic  programming  algorithms.  In  LEMKE  a complementary  pivoting 
algorithm  solves  the  linear  complementary  problem.  After  introducing  the 
artificial  variable  Zq  , the  algorithm  moves  from  one  almost  complementary 
basic  feasible  solution  to  another  until  either  a complementary  basic  feasible 
solution  is  obtained  or  a direction  indicating  unboundness  of  the  region  is 
found  (Lemke  1 968) . 

Program  QUAD  uses  the  procedure  credited  to  Wo Ife  (1959)  for  solving 
quadratic  programming  problems.  The  method  uses  the  simplex  method  to  find  a 
Kuhn-Tucker  point  by  minimizing  the  sum  of  artifical  variables.  The  algorithm 
makes  use  of  a restricted  basis  entry  rule  that  maintains  complementary 
slackness  with  each  pivot. 

Program  GRG  and  GRG2  solve  non-linear  objective  functions  subject  to 
linear  or  non-linear  constraints,  either  inequalities  or  equalities  (Abadie 
1970).  Upper  and  lower  bounds  on  the  variables  are  optional  and  if  present 
are  not  treated  as  additional  constraint  functions  but  are  handled  separately. 
The  program  uses  the  Generalized  Reduced  Gradient  method.  The  users  provide 
subroutines  to  evaluate  the  objective  function  for  any  given  solution  vector 
x.  The  program  calculates  first  partial  derivatives  of  each  function  with 
respect  to  each  variable.  These  are  automatically  computed  by  finite 
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difference  approximation,  though  there  are  several  methods  available  in  GRG 
for  the  user  to  pick  from,  less  the  user  provides  a subroutine  which  evaluates 
them  analytically.  All  non-linear  algorithms  are  sensitive  to  the  initial 
starting  point  as  a feasible  starting  point  is  needed  in  order  to  solve  for  an 
optimal  feasible  point.  If  the  user  does  not  supply  a feasible  starting  point 
the  algorithm  has  a few  methods  to  select  from  which  will  attempt  to  do  so. 
There  is  no  foolproof  method  which  solves  the  phase  one  problem  for  non-linear 
functions;  the  program  may  get  stuck  attempting  to  find  an  initial  feasible 
point.  The  program  is  written  in  FORTRAN  and  has  about  4500  statements 
including  comments.  The  program  requires  a user  supplied  subroutine  which, 
given  the  current  X vector,  computes  the  vector  of  the  function  values  one  of 
which  is  the  objective  function  and  the  others  are  the  constraints. 
Optionally,  the  user  may  supply  a subroutine  which  gives  output  reports.  A 
detailed  user  guide  is  available  for  this  routine. 

These  are  but  a few  of  the  algorithms  available  for  linear  and  nonlinear 
programming  models.  The  overall  strategy  in  selecting  an  algorithm  is  to  get 
one  that  meets  the  problem  requirements,  has  good  documentation,  and  with 
which  others  have  had  experience  on  a local  installation.  The  main 
computational  characteristics  of  concern  are  whether  the  objective  function  is 
linear,  quadratic,  or  nonlinear  and  whether  the  constraints  are  linear  or 
nonlinear  and  whether  they  are  inequalities,  equalities  or  both.  The  most 
general  of  the  above  routines  appears  to  be  GRG.  However,  if  a simpler 
problem  is  formulated  (e.g.,  a linear  programming  optimization  problem)  then 
perhaps  the  most  general  routine  may  not  be  as  efficient  or  as  easy  to  use  as 
other  routines.  Many  of  these  routines  are  available  as  subroutines  and  can 
then  be  called  from  a user-defined  main  program  which  may  do  many  other 
calculations.  Most  of  these  algorithms  are  sufficiently  complex,  however,  in 
that  they  are  stand-alone  main  programs  and  may  incorporate  user-defined 
subrout  i nes  . 


Table  of  Standard  Normal  Deviates  Fractile  Values  (K  Values) 

The  standard  normal  deviates  used  in  the  stochastic  Model  5 and  6 series 
is  given  below.  All  of  the  values  where  used  in  the  Model  5 series  and  all 
but  the  99%  fractile  were  used  in  the  Modei  6 series.  The  fractiles  represent 
two-ta i I ed  values. 

STD.  DEV.  FRACTILE 


0.0 

0 

0.25 

.20 

0.52 

.40 

0.84 

.60 

1 .28 

.80 

1 .645 

.90 

1 .96 

.95 

3.9 

.99 

Implemented  Computer  Codes 

The  user  supplied  computer  code  for  subroutine  GCOMP , for  the  single- 
season models,  Model  5 series,  and  multiple-season  models,  Model  6 series;  and 
the  Right-hand-side  generating  program  for  the  Model  5 series,  RHS5,  and  the 
Model  6 series,  RHS6 , is  given  in  the  following  sections. 
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Subroutine  GCOMP:  Model  5 Series 

The  code  of  FORTRAN  subroutine  GCOMP,  as  implemented  in  Model  5A1  , 
follows  along  with  some  sample  output  of  the  results.  The  only  differences  in 
the  other  Model  5 series  routines  (5A2,  5B , and  5C)  is  in  the  objective 
f unc  t ion. 


C GRG2  SUBROUTINE  FOR  MODEL  5 SERIES 

C WRITTEN  BY  PAH  KQRTGPATES  --  REV.  1-28-81 

REAL  Gil),  M) 

REAL  H,  T,  C(4,2)»  D(5,4),  REQUIRI4),  PENALG(5,4>,  PENALM(4) 
REAL  FRACTL,  VARC(4),  STDD£V(8) 

REAL  S(5)»  GR(5),  U(5>,  L(5),  ALE(4) 

INTEGER  RUN 

COMMON  /INITBK/  WIT 

c constants 

BATA  H,T  / 10000.,  365./ 

DATA  AUE  / .609,  .569,  .132,  .080/ 

C PLANT  DATA 

DATA  U / .45,  .46,  .45,  .46,  .37/ 

DATA  S / 50.,  3*5.,  15./ 

DATA  GR  / 600.,  240.,  70.,  55.,  100./ 

DATA  L / .32,  .40,  .42,  .46,  .33/ 

C ANIMAL  DATA 

DATA  (<C(I,J),M»4),J=i,2)/ 

1  6.05,  4.37,  1.33,  .757,  2*17.,  2*27./ 


C PLANT-ANIMAL  DATA 

BATA  UD(I,JM=1,5),J=1,4)/ 

1 .66,  .27,  .01,  .04,  .02, 

2 .39,  .31,  .07,  .11,  .12, 

3 .23,  .27,  .04,  .15,  .31, 

4 .19,  .39,  .04,  .35,  .03/ 


C STD.  DEV.  FRACTILES 

DATA  RUN/0/ 

C STD.  CEV.  FRACTILE  CORRESPIM)  TO  0,20,40,60,80,90,95,99.1  LEVEL  OF  COMF1. 

DATA  STDBEV/  0.0,  .25,  .52,  .84,  1.28,  1.645,  1.96,  3.9/ 

IF  (MT.EQ.O)  GOTO  90 

C CWUTE  VARIANCES  IF  FIRST  CALL 

RUN  = RUN  + l 
FRACTL  = STDDEV(RUN) 

IF  (RUN.GT. 1)  GOTO  90 
DO  30  J=l,4 
DO  30  1=1,5 

VWC(J)  = (C(J,1>  * C(J,2)  / 100.  >«2 
30  CONTINUE 


- 
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C CtmJTE  CONSTRAINTS 

C 

c compute  herbivore  requirements  and  penalty  fictions 

90  DO  ICO  J=  1,4 

REQUIR(J)  = X(J)  * C(J,1)  * T 

PEWS(J).  = FRACTL  # $QRT((T  * X(J)>«2  « VARC(J)) 

DO  100  I = 1,5 

F0IAL6{I,J)  = FRACTL  * SORT! (T  * X(J)  * D(I,J))»2  * VARC(J)) 
100  CONTINUE 

C COMPUTE  SITE  miNTENANCE  CONSTRAINT 

G(l)  = 0.0 
DO  110  J = 1,4 

6(1)  = G(l>  + REQUIR(J)  + PENALH(J) 

110  CONTINUE 

c compute  over-grazing  constraints 

DO  120  I = 1,5 
6(1+1)  = 0.0 
DO  120  J = 1,4 

0(1+1)  = 0(1+1)  + REOUIR(J)  * D(I,J)  + PENALG(I,J) 

120  CONTINUE 

C COMPUTE  AVAILS  OUTPUT  FUNCTIONS:  l BY  CLASS  AND  TOT.  IN  KG 

G(12»  = 0. 

BO  130  I = 1,5 

0(6+1)  = H * U(I)  * (S(I)  + GR(I))  * (1.  - L( I ) ) 

0(12)  = G( 12)  + G(6+I) 

130  CONTINUE 

BO  140  I = 1,5 

140  6(6+1)  = 6(6+1)  / G(12)  * 100. 

C COMPUTE  DIET  (WOSTIQN  1 OF  BER8IV.  CONBIN. 

6(18)  = 0. 

BO  150  J =1,4 

150  G( 18)  = 6(18)  + f£QUIR(J) 

DO  160  I = 1,5 
0(12+1)  = 0. 

BO  170  J = 1,4 

170  G(12+I)  = G(  12+1 ) + f£QUIR(J)  * D(I,J) 

G( 12+1 ) = G( 12+1 ) / 6(13)  * 100. 

160  CONTINUE 

C CSfVTE  GRAZING  OUTPUT  FimiONS:  % BY  SPECIES  & TOTAL  GRAZED  IN  KG 

DO  180  J = 1,4 

180  GQ8+J)  = FOUIR(J)  / G(18)  * 100. 

C CCmJTE  TOTAL  NUHBER  OF  A.U.E.'S 

G(23)  = 0. 

DO  190  J = 1,4 

190  G(23)  = G(23)  + X(J)  * AUE(J) 

C COHPUTE  C8JECTIVE  FUNCTION  VALLE 

G(24)  = G< 18) 

RETUSK 


FINAL  RESULTS 


LINEAR,  SINGLE-SEASON,  NOiN 
SECflCN  1 — CONSTRAINTS 

TN  I T I AL 

l-UE  I GHT  EC  , 

final 

DETERMINISTIC  f-CCEL 

CIST  ANCE 
FRCN 

--  MOCEL  5A1 
LAGRANGE 

NO. 

NAME 

VALUE 

VALUE 

ST  e TUS 

NE ARE  ST 
8 C U N C 

MULT IPLIER 

1 

SITE  L.'fN 

. 4 5 6 5 1£  + 0 4 

. 250  4 4f  + 0 7 

FREE 

•491E+C7TU 

2 

C-G  WSG 

.2242  7E  + 04 

. 14619E+C7 

FREE 

.S27E+G6TU 

3 

C-G  CSG 

. 1 I295E + 04 

.67620: +06 

UFPER8ND 

. 2 r c E - c 4 : u 

. 2 7 0 2 lr ♦ C 1 

% 

C-G  WSF 

. 164  21E+  02 

. 28  3 7 CE  + C5 

FREE 

. 1 5 7E  + C 6 :L 

5 

C-G  CSF 

. 43321E+  C2 

•149C4E+C6 

UPPER3ND 

.:oee- C4  :u 

. 1 66  2 2"- C3 

6 

C-C  SHR 8 

. 29  4 25E  + G 2 

. 17R9 IE ♦ C6 

FREE 

. 1 0 6 E + C 6 : u 

7 

WSG  X 

. 6 33  6 2E+  C2 

. 60363 E +02 

T C-  N C c E C 

. 10  CE ♦ 22 

8 

CSC  X 

. 20522E+  02 

.23522E+C2 

I G N C R E C 

. 10  CE  + 32 

Q 

WSF  X 

. 59  4 0 7E+  3 1 

.59407E+01 

I CNCFEC 

. 10 C E + 3 2 

10 

CSF  % 

.45231 E + 0 1 

.45221E+C1 

I CNCREC 

•13CE+22 

1 1 

SHRE  r. 

. 365  19E  + Q 1 

.365  19E  + C 1 

2 CNCREC 

. 10  CE  + 32 

12 

T . AVAIL 

. 229  5 IE* C7 

. 22951E+07 

I G N C 0 E C 

. 10  CE  + 22 

13 

CIET  USG 

„ 49  1 49E+  02 

•53373E+02 

I CNCREC 

. 1 0 C E + 3 2 

1 A 

CIET  CSG 

. 291  24E  + 02 

. 27300 E + 02 

I C N C R E C 

. 10CE  + 22 

IE 

CIET  U SF 

. 359  7 CE + 0 1 

. 15321E  + C1 

I C-NCREC 

. 10  CE+  22 

16 

CIET  CSF 

. 94  9 19E  + 01 

.59513E+C1 

I CNC  REC 

. 1JCE+32 

17 

CIET  SHR 

. 8S334E+  01 

.71436E+C1 

I CNCREC 

. 10  CE  « 22 

IS 

T C-RAZED 

. 4565  IE +04 

•25044E+07 

I C-NCCEC 

. 10  CE  + 32 

IS 

CAT  GRZT 

.43  3 72E-Q2 

. 32263  E + 02 

I GNCREC 

. 11CE+  22 

20 

E IS  G°  ZX 

. 2 4 9 4 CE+  C2  - 

.63689E-05 

I C-NCREC 

. 1 3 CE  + 22 

21 

SHF  GRZX 

. 106  24E + 02 

.17727E+C2 

IGNORED 

.10  CE  + 22 

22 

ANT  G R Z % 

.605261+01 

. 10  0 2 4E-1 2 

I CNC5EC 

. 10  CE  + 22 

22  TCI.  AUE 
24  CEO  FUNC 

SECTION  2 -- 

. 139  COE- 01 
. 4565 1E  + Q4 

VARIABLES 

INITIAL 

.683971+02 

.25044E+07 

FINAL 

I CNCREC 
0 E 0 

. 10  CE+  22 

Cl S T A NCE 
FPCF 

REDUCED 

NC. 

N AME 

value 

VALUE 

STATUS 

NEAREST 

10LNC 

GRADIENT 

1 

CATTLE 

. 1 1 o o n E * c l 

• 93298E  + 03 

EAS  IC 

.932E+C3:L 

2 

E ISCN 

• 100CCE+C1  - 

. 10  0 0 0E-C3 

NCNFASIC 

L CUE  RENO 

- . 2 3 S 2 C r + C 2 

* 

SHEEP 

•13000E+01 

•91503E+03 

EAS  IC 

.9  ICE  + cz  :l 

4 

PRONGHN 

. 1000CE+G1 

. 90949E-12 

NCNe ASIC 

L CUE  R 9 NO 

-.122SCE+C3 
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Subroutine  GCOMP : Mo  del  6 Series 

The  code  of  FORTRAN  subroutine  GCOMP  and  Real  Function  5,  as  implemented 
in  Model  6A1 , follows  along  with  some  sample  output  of  the  results.  The  only 
differences  in  the  other  Model  6 series  routines  ( 6A2 , 6B,  and  6C)  is  in  the 
objective  function. 


SUBROUTINE  OT  (G,Y) 

C 
C 
C 
C 

FEAL  G(l),  Yd),  X(4,4) 

REAL  T,  H,  C,  GR.  D,  L,  VARC(4,4),  AUE(4,4),  AVAIL,  CRAZED 
REAL  U<5,4>,  PENALH(4),  PENALG(5,4>,  FRACTL 
REAL  REQUIR(4,4),  REQUIRM4),  REQUIRG(5,4),  TEMP,  TEM>2 
REAL  STDBEV<8> 


BITTEN  BY  PAH.  K0RTGPATE3  REV.  2-81 

PROGRAM  THAT  CALCULATES  TIE  OBJECTIVE  FUNCTION  AND  CONSTRAINTS 
FOR  TIE  MODEL  6 SERIES,  USED  TO  INTERFACE  WITH  HE  GR62  OPTIMIZATION 
CODE  FOR  NON-U NEAR  PROGRAMMING  PROBLEMS. 


INTEGER  RUN,  I,  II,  J,  K,  KK,  LL,  H 


COMMON  /INITBK/  INIT 

Cmm  /gm/GR(5,4),L(5,4),T(4),H,C(4,4),D(5,4,4) 


C BATA  CONSTANTS 

DATA  H /10000.0/,  T/  60., 90., 75., 140./,  RUN/0/ 

DATA  ((AUE(J,K),J=1,4),K=1,4)/ 

1 .396,  .363,  .084,  .057, 

2 .513,  .476,  .110,  .070, 

3 .632,  .593,  .136,  .070, 

4 .749,  .705,  .165,  .099/ 

C STD.  DEV.  FRACTILES  CORRESPOND  TO  0,20,40,60,80,90,95  & 991  LEVELS 

DATA  STDBEV  / 0.0,  .25,  .52,  .84,  1.28,  1.645,  1.96,  3.9/ 

C PLANT  DATA 

DATA  ( (GR(I,K),I=1,5)»K=1,4)/ 

1 240.,  200.,  20.,  45.,  30., 

2 360.,  20.,  50.,  5.,  60., 

3 0. » 20. , 0. , 5. , 10. » 

4 5*0./ 


DATA  ((U<I,K),1=1,5),K=1,4)/ 
1 .3,  .1,  .3,  2*. 1, 

2.1,  .3,  .1,  .3,  .1, 

3 4*. 5,  .3, 

4 5*. 7/ 

DATA  (<L(I,K),M,5),K=1,4>/ 

1 .1,  .05,  2*. 1,  .05, 

2 .05,  .1,  .05,  .2,  .05, 

3 .1,  .5,  2*. 6,  .2, 

4 5*.7/ 


C ANIHAL  BATA 

DATA  ((C(8,K>,3=1,4),K=1,4)/ 

1 3.96,  2.31,  .84,  .55, 

2 6.15,  4.41,  1.32,  .81, 

3 6.31,  4.57,  1.36,  .67, 

4 6.73,  4.9,  1.49,  .85/ 

DATA  ((VARC(J,K),J=1,4),K=1,4)/ 

1 2*12.,  2*30, , 

2 2*18. , 2*24., 

3 2*18. , 2*24. , 

3 2*21.,  2*30./ 

C PtANT-ANIHAL  DATA 

DATA  (((D(I, J,K)» J=1,4),I=1,5),K=1,4)/ 

1.6. . 34. .25. .03,  .27, • 18, • 14, • 18,  .04, .17, .12,. 04, 

2. 09..  28.. 37.. 75,  0.,. 03,. 12,0., 

3.63..  36.. 21.. 14,  .27,. 26,. 22,. 26,  .02,. 13,. 08,. 04, 

4. 07..  18.. 27.. 55,  .01, .07, .22, .01, 

5. 67..  46.. 33.. 26,  .27, .3, .26, .44,  .01, .03, .01, .04, 

6. 03, 2*. 06, .22,  .02,. 15,. 34,. 04, 

7. 69..  38.. 19.. 26,  .27,. 40,. 36,. 53,  0.,. 01,0., .04, 

8.01. . 02. .02. .12,  .03,. 19,. 43,. 05/ 

C STD.  DEV.  FRACTILES 

DATA  FRACTL/  0.0/ 

C IF  Tf€  FIRST  CALL:  CALCULATE  VARIANCES 

IF  UNIT  .EQ.  0)  GOTO  90 
RUN  = RUH  + 1 


C CALCULATE  VARIANCES 

CO  300  K = 1,4 
DO  300  J = 1,4 

300  VARC(J,K)  = (CU.K)  * VARC(J,K)  / 100.  )«2 

FRACTL  = STBDEV(RUN) 

PRINT  1,  RUN,  FRACTL 

1 FORHAT  (1H0,10X,*RUN  #*,I3,*STD.  NQRNAL  DEV.  FOR  FRAC.  IS*,F6.3) 

C CCmiTE  CONSTRAINTS 

C 

C EQUlVAieiCE  X( J»K) 'S  TO  Y'S 

90  continue 

KK  = 0 

DO  400  K = 1,4 
DO  400  J = 1,4 
KX  = KK  + 1 

400  X( J,K)  = Y(KX) 


C CCJWTE  HERBIVORE  REQUIREMENTS  AND  LEFT  HAND  SIDE  OF  AVAILABLE 

BO  500  K = 1,4 
REGUIRJKK)  = 0.0 


DO  501  J = 1,4 

REQUIR(J.K)  = T(K)  * X(J,X)  * C(J,K) 


501 
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DO  500  I = 1,5 
REQUXRGJLK)  = 0. 


DO  500  n = 1,K 
TEMP2  = TEfP  = 0. 


DO  502  J = 1,4 

502  TEHP2  * TEHP  * TBP  ♦ R£QUIR(J,H)  f D(LJ,M) 
II  = H ♦ 1 

IF  (II.GT.K)  GOTO  504 
DO  503  LL  = ILK 

503  TEMP3  TEMP  * (1.0  - L(LLL)) 

TEMP2  = TEMP  * U(I.K) 

5M  REQUIRM(K)  = REQUIRM(K)  + TEMP 
500  REQUIRG(LK)  = REQUIRG(LK)  + T0P2 

C..... COMPUTE  PENALTY  FUNCTIONS  OF  CONSTRAINTS 
DO  600  K a 1,4 
PENAUI(K)  * 0. 

DO  600  I s 1,5 
PENALG(LK)  = 0. 

KK  * K - 1 
DO  601  N a LKK 
BO  601  J a 1,4 

IBP  a J (H)  * X(J,H)  § D(I,JtM) 


II  * H + 1 
DO  602  LL  = ILK 

602  TBP  = TEMP  f (1.  - L(LLL)) 

PENALG(LK)  a PENALG(LK)  + 

1 SQRT((TENP«U(LK))«2  * VARC(J,H)) 

PEMAUiK)  a PENALM(K)  + SSRT(T0P#*2  t VARCU.H)) 
601  CONTINUE 


TEMP  a 0. 

DO  603  J = 1,4 

603  TEMP  s TEMP  + SQRT((T(K)*X(J,K)*D(I, J,K)  )«2  f VARC(J,K)) 

PENALG(LK)  = PENALG(LK)  + TEMP 
PENALN(K)  = fBWJIK)  + TBP 
600  CONTINUE 


C COMPUTE  CONSTRAINTS 

C 

C COMPUTE  SITE  MAINTENANCE  CONSTRAINTS  (4  CONSTRAINTS) 

DO  700  K * 1,4 

700  8CK>  = REQUIRM(K)  ♦ FRACTL  # PENALMSK) 


C COMPUTE  OVERGRAZING  CONSTRAINTS  (20  CONSTRAINTS) 

KK  = 4 

DO  800  K = 1,4 
DO  800  I = 1,5 
KK  = KK  + 1 

800  G(KK)  = REQUIRG(LK)  + FRACTL  * PENALG(LK) 
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C COmJTE  NO  SEASONAL  INCREASE  CONSTRAINTS  (12  CONSTRAINTS) 

DO  1100  K = 2,4 
DO  1100  J = 1,4 
KK  = KK  + 1 

1100  6(KK)  = X(J,K)  - X(J,K-i) 

C.... .COMPUTE  STRING  GW  FOR  K=2  TO  4 (FOR  OUTPUT  ONLY) 

DO  900  K = 2,4 
DO  900  I = 1,5 
KK  = KK  1 

900  G(KK>  = S(I.K.X) 

C COMPUTE  AVAILABLE  OUTPUT  FUNCTIONStD  X BY  SPECIES  AND  SEASONAL  TOTAL  & 

C..... CONFUTE  DIET  GWOSTION  X OF  THE  ENTIRE  f£RB.  COHBIN.  BY  SEASON 

II  * 0 

DO  960  K " 1,4 
II  = II  + 1 
GC5I+K+6)  = 0. 

G(75+K*6)  = 0. 

DO  980  J = 1,4 

980  G(75+K#6)  = G«75+K#6)  + RE0UIR(J,K) 

DO  970  I =1,5 
II  = II  + 1 

0(50+11)  = H # U(I,K)  # (S(I,K,X)  + GR(I,K))  * (1.  - L(I,K)) 
6(51+K*6)  = 6(51+K*6)  + G(50+II) 

6(74+11)  = 0. 

DO  990  J = 1,4 

990  6(74+1!)  = G(74+II)  + REQUIR(J,K)  * D(I,J,K) 

970  CONTIS 

II  = 11-5 
DO  960  I = 1,5 
II  = II  + 1 

IF  (6(5I+K#6).EQ»Q. ) GOTO  962 
6(50+11)  = 6(50+11)  / G(51+K*6)  * 100. 

GOTO  964 

962  6(50+1!)  = 0. 

964  IF  (G(75+K*6hE@.0.)  OTTO  966 

6(74+11)  = GC74+II)  / 6(75+K*6)  f 100. 

GOTO  960 

966  6(74+1!)  = 0. 

960  CONTINUE 

C COMPUTE  GRAZING  OUTPUT  FUNCTIONS^)  HERB.  X OF  TOTAL  GRAZED 

II  = 0 

DO  1000  K = 1,4 
DO  1606  J = 1,4 
II  = II  + 1 

IF  (6(75+K»6).EQ.O.)  GOTO  1002 
6(99+11)  = REOUIR(J,K)  / 6(75+K*6)  * 100. 

GOTO  1OQ0 

1002  6(99+11)  = 0. 

1000  CGNTIMJE 
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C..... COMPUTE  TOTAL  NUfflER  OF  A.U.E.'S  BY  SEASON  AM)  TOTAL 

61120)  = O. 

DO  1O10  K = 1,4 
G<  115+10  = O. 

do  tots  j = i»4 

1015  OC115+K5  = GU15+K)  + X(J,K)  * AUE(J,K) 

0(120)  = 0(120)  + GU15+K)  # T(K)  / 365. 

101O  CONTINUE 

C COMPUTE  OBJECTIVE  FUNCTION 

Of  121)  = O. 

DO  1020  I = 1.5 
TO  1020  K = 1,4 

AVAIL  = H * U(I,K)  * (S(I,K,X)  > # (1.  - L(I,K)) 

GRAZED  = O. 

DO  1O30  J = 1.4 

GRAZED  = HAZED  + REQUIRE, K)  * D(I,J,K) 

103O  CONTINUE 

6(121)  = 6(121)  + ( - GRAZED  ) 

102O  CONTINUE 
RETURN 
END 
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REAL  FUNCTION  S (I,K,X) 

C.....  MRITTEN  BY  PAUL  KORTOPATES  REV.  1-81 

C.....  FACTION  THAT  IS  USED  TO  RETURN  THE  VALUE  OF  THE  STANDING  CROP  (S) 

C GIVEN  AN  ARRAY  OF  DECISION  VARIABLES  AND  THE  DATA  IN  COMMON  BLOCK  SFUNC. 

REAL  T,  H,  6X,  REQUIR,  X(4,4),  L,  D,  C,  GR 
INTEGER  I,  J,  K,  KK,  M,  LL 
DlfOISION  SSC5) 

COMMON  /SFUNC/^(5>4),L(5,4),T(4),HX(4,4),D(5,4,4) 

DATA  SS/  50.,  5.,  5.,  5.,  15./ 

GOTO  (10,20,20,20)  K 

10  S - SS(I) 

RETURN 

20  S = SS(I) 

KK  * K - 1 
DO  100  LL  = 1,KK 
S = S * (LO  - L(I,LD) 

100  CONTINUE 

DO  120  M = 1,KK 
GX  = GR(I,M) 

DO  110  LL  = M,KK 

110  GX  = GX  # (1.0  - LU,LL» 

S = $ + GX 
120  CONTINUE 

DO  150  H s 1,KK 
REQUIR  = 0. 

DO  130  J s 1,4 

130  REQUIR  = RE0UIR  + X«J,M)  * C(J,H)  * D(I,J,M) 

REQUIR  = REGUIR  * T(M)  / H 

J ^ N + 1 

IF  (J.GT.KK)  GOTO  150 
DO  140  LL  = J,KK 

140  REQUIR  = REQUIR  t (1.0  - L(I,U_)> 

150  S = S - REQUIR 
RETURN 
END 
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FINAL  RESULTS 


LINE  AC, 

MULT  IPLE-SEASON, 

NON-U  E I GHT  EO  , Dc.  TER  M TN  I SI  C MODEL 

--  MODEL  6A 

SECT 

' I ON 

1 — 

CONSTRAINTS 

cr ST  ANCE 

INITIAL 

F INAL 

F R C M 

L AGR  ANGE 

NO. 

NAME 

VALUE 

VALUE 

STATUS 

NE ARE  ST 

MULT  IPLIER 

BOUND 

1 

S-M 

1 

e 94 ^ 6 OE  >03 

. 476731*06 

FREE 

.5251* J7:U 

2 

S -M 

P 

. 159  531 *0  4 

.1322  75*07 

FREE 

.85  71  * 0 7 :u 

3 

S -M 

3 

.2034  81*04 

.174081*07 

FREE 

.591E*07:U 

4 

S-M 

4 

. 2566 2i * 34 

. 195851*0  7 

FREE 

. 125E* C 7:u 

5 

C-G 

It  1 

• 213471*03 

. 23  3 5 4 E * 0 6 

FREE 

.5461*  C6:u 

6 

C-G 

2 « 1 

. 10750E*  03 

. 105921*06 

FREE 

.68FE*  C5 TU 

7 

C-G 

3 T 1 

. 955  34E  ♦ <32 

. 136681*05 

FREE 

. 48  81  * C5:u 

8 

C-G 

4,1 

. 11 199E* 03 

.450001*05 

UFFl R8ND 

. 4661 -C9 :u 

- . c 3 3 5 1 E * C 1 

9 

C-G 

5,1 

. 11 10  6-:+ 02 

. 359761*04 

FREE 

„3R2E*  C5TU 

10 

C-G 

1 » 2 

. 54  7 0 2E*  03 

•58995E*06 

UPP1R3ND 

.393E-08  :u 

-.244251*01 

1 1 

C-G 

2,2 

. 3 ">6  7 51*03 

•28111E*C6 

FP1E 

. 29  EE  ♦ C6  TU 

12 

C-G 

3 t 2 

. 774  132*02 

.249301*05 

FREE 

. 4 I S E * C 5 : U 

13 

C-G 

4,2 

.23  9241*  03 

.913161*05 

FREE 

. 2 3 7 E + C 5 : U 

14 

C-G 

5,2 

. 6 12  3HE * 02 

.246651*05 

FREE 

. 72SC ♦ C5TU 

15 

C-G 

1,3 

. 849  761  * 03 

.3  78  131 *0  6 

FREE 

. 1 7 8 E * 0 7 : U 

16 

O-G 

2,3 

. 37735E*  03 

. 305351*06 

FREE 

.2°8E*  C 6 tU 

17 

C-G 

3,3 

.417142*02 

. 162991*05 

F 5 EE 

. 121 e*  ce:u 

18 

C-G 

4,3 

. 106  331*  02 

.49  4561*0  5 

FREE 

,405E*:5:U 

19 

C-G 

5,3 

. 114542*03 

. 423951*05 

FREE 

.216E*C6:U 

20 

C-G 

1,4 

. 122892*  04 

.6  20  7 8,1*06 

FREE 

.494r*06:u 

21 

C-G 

2,4 

. 767  02E *03 

.223441*06 

UPPER0ND 

• 9 3 1 E - 09  :u 

- . 3 70  3 71*  Ci 

22 

C-G 

3,4 

. 25  5501*02 

.514  231*04 

FREE 

®527E*05:U 

23 

C-G 

4,4 

. 75345E*  02 

.205221*05 

FREE 

. 1 7 2 1.  * 0 5 : u 

29 

C-G 

5,4 

« 286632  * 03 

.273  731*05 

FREE 

. 153E*06:U 

25 

S I 

1,2 

0. 

0. 

UPPEQ9ND 

o.  :u 

- . 1755  51*02 

26 

S I 

2,2 

0. 

c. 

UFP2R9ND 

o.  :u 

- .296  02r*03 

27 

S I 

3,2 

0. 

0. 

UFPER8ND 

o.  :u 

- . 129  0 £"*03 

28 

S I 

4,2 

Q. 

0. 

UPPERBND 

c . :u 

-.  7 36  5 61  *02 

29 

S I 

1,3 

0. 

0. 

UPPER3NJ 

o.  :u 

-.  3 73  8 71*03 

30 

S I 

2,3 

Oo 

0. 

UPPER3ND 

c.  :u 

- .288  2 2" * 0 3 

31 

S I 

3,3 

C. 

0. 

UPPERBND 

o.  :u 

-.813721*02 

32 

S I 

4,3 

0. 

0. 

UPPE  R8ND 

o.  :u 

-.  3 30  5 3"*0 2 

33 

S I 

1,4 

0. 

-.102921*04 

FREE 

. 10  3 E ♦ 0 4 t u 

34 

S I 

2,4 

0. 

. 10  0001-0  3 

UPPERBND 

- . 10  CE- C3:u 

-.254571*02 

35 

S I 

3,4 

0. 

-.594341*03 

FREE 

.5951*  C3JU 

36 

S I 

4,4 

0. 

.441161-14 

UPPERBND 

-.4411-  14  :u 

0 . 

37 

s 

1,2 

. 260  932*  0 3 

.237651*03 

I0NCRED 

.10  CE  * 32 

38 

s 

2,2 

. 19  4 74E*  03 

. 184161*32 

I ONORED 

. 10  C E ♦ 32 

39 

s 

3,2 

. 22495E*  32 

.206331*02 

IGNCRED 

. 10  CE*  32 

h6k 


PINAL  RESULTS 


LINEAR,  MULTIPLE-SEASON,  NO  N-U  E I GHT  ED  , DE  TERM  I N I S I C MODEL 
SECTION  i --  CONSTRAINTS 

CIST  CNCF 


NO. 

NAME 

INITIAL 

VALUE 

FINAL 

VALUE 

STATUS 

FR  CM 
NE  ARE  ST 

AO 

S 

4,2 

44989E ♦ 02 

. 40500E*02 

I GNC  RED 

BOUND 
.10  CE*  22 

41 

$ 

5,2 

42  7 49 E*  02 

.42390E+02 

I GN9RE0 

• 19  CE ♦ 22 

42 

9 

1,3 

• 

5 8 9 3 3 Z ♦ 03 

.510  93E*0  2 

I GNCRED 

.10  0E  + 22 

A 3 

$ 

2,3 

« 

19324E*  03 

. 15  R 491 *03 

I GNCRED 

.10  CE  ♦ 22 

44 

s 

3,3 

• 

68  R 6 3Z  * 02 

.64  7RIE  *02 

I GNCRED 

. 10  C E + 32 

45 

s 

4,3 

« 

399  7 31*02 

. 29  348E+G2 

I GNCRED 

. 10  CE*  22 

46 

S 5,3 

© 

9 7 6 0 5E  ♦ 0 2 

.948 3RE*C2 

T GNCRED 

. 10  CE  ♦ 32 

47 

S 

1,4 

« 

5308 4E +03 

. 4076  1E*03 

I GN  G RED 

.19  CE  + 22 

43 

s 

2,  4 

10659Z  * 03 

. 67  4 3 7£  + 0 2 

I GNCRED 

. 19  C E ♦ 2 2 

49 

s 

2,4 

• 

27543E*  0 2 

• 2510  11*02 

I GNCRED 

.10  CE*  22 

50 

s 

4 , 4 

♦ 

1 7 9 9 4 Z * 02 

. 10  724E+02 

I GNCRED 

. 13  CE*  22 

51 

S 5,4 

© 

860  7 5Z*  0 2 

.80  30  7E*02 

I GNCRED 

. 10  CE  ♦ 22 

52 

WSG 

1 X 

« 

691 39E*02 

. 69 1 0 9E  *0  2 

I GN  C RE  C 

. 1 0 CE  * 32 

53 

CSG 

1 X 

1 7183E*  02 

.1 71 39E*  02 

I GNCRED 

. 10  CE  ♦ 22 

5 4 

WSF 

1 X 

• 

59576E*31 

.595  7 6E  * U 1 

I GNCRED 

. 10  CE*  22 

55 

CSF 

1 X 

• 

39  7 18E ♦01 

. 39  7 13E*0  1 

I GNCRED 

. 10  CE  ♦ 22 

56 

S HR  9 1 X 

• 

3 7 7 22Z  * 01 

. 37  722E+C1 

I GNCRED 

•19CE+22 

57 

T AVAIL1 

• 

U33QE*  07 

. 11  3 20E*  C7 

I GNCRED 

.10  CE*  22 

58 

W CG 

2 X 

• 

40512E*02 

. 4077  If *02 

I CNC^ED 

.10  CE ♦ 22 

55 

CSG 

2 7. 

© 

333  1 SE  ♦ 02 

. 395  8 4E  * 0 2 

I GNCRED 

.13  CE  * 22 

60 

WSF 

2 X 

<r 

47295E*31 

.48136E*01 

I GNORF.D 

• lOcE  + 22 

61 

CSF 

2 X 

• 

82  3 83Z  * 01 

.784175*01 

I GNC  DED 

. 13  CE*  22 

62 

SHRB  2 X 

670  22Z*  01 

• 698  5 0E  *0  1 

I GNCRED 

- 10  CE*  22 

63 

T AVAIL2 

• 

14562E*  3 7 

. 13926E+07 

I GNCRED 

.13CE*22 

64 

WSG 

3 X 

• 

722c0Z*Q2 

.72003E*02 

I GN  OREO 

.10CE*  32 

65 

CSG 

3 X 

• 

14512Z*  02 

• 139  7 3E* 0 2 

I GNCRED 

. 10  OE*  22 

66 

WSF  3 X 

. 

37492E+  01 

.40573E*O1 

I GNCRED 

.10CE*  22 

67 

CSF 

3 X 

© 

2 4 4 9 5 Z * 01 

• 23  8 9 5E*  0 1 

IGNORED 

.10  CE*22 

68 

SHRB  3 X 

« 

7 03  0 2E  ♦ 01 

. 78793E*C1 

I GNCRED 

. 10  OE*  22 

69 

T AVAIL3 

9 

3S735Z*07 

. 319  25E+07 

I G N C ° E 0 

. 10  CE  * 32 

70 

WSG 

4 X 

® 

630  27E*  02 

• 689  5 2E* 0 2 

I GNCRED 

. 13  CE*  32 

71 

CSG 

4 X 

9 

13360E*02 

. 114  035  + 02 

IGNORED 

. 10  CE*  22 

72 

WSF 

4 X 

9 

358 16Z ♦ 3 1 

.42462E+01 

I GN  G °EO 

.10  CE*  22 

73 

CSF 

4 X 

• 

23385Z*  01 

•181415*01 

I C-NCPED 

.10  GE  * 22 

74 

SHRB  4 X 

9 

1119 3Z *32 

. 13585Z+02 

I GNCRED 

. 10  CE*  22 

75 

T AVAIL4 

• 

16150E*  07 

. 1241 4 E+  0 7 

I GNCRED 

. 10  CE  * 22 

76 

0IETWSG1 

• 

436  32Z  * 02 

•57420Z+02 

I GNCRED 

• 10CZ*22 

77 

DIETCSG1 

• 

21956Z*  02 

.263425*02 

IGNORED 

• 10  C E * 22 

78 

DIETUSF1 

930  0 2E  ♦ 01 

. 4539  7f  + 0 1 

I GNCRED 

. 10  CE*  22 

79 

0 IETCSF1 

<9 

229  74E  * 02 

•110645*02 

IGNORED 

. 100E*22 

--  MODEL  6A1 


L AGR  iNGE 
MULT  I CL I ER 
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FINAL  RESULTS 


LINEAR,  MULT I°L E-SEAS  ON,  NON-WEI GHT  £Q , DETERMINXSIC  M CO  EL  --  MODEL  6A  1 
SECTICN  1 — CONSTRAINTS 


CIST  A \C  E 


INITIAL 

final 

FRCM 

NC. 

NAME 

VALUE 

VALUE 

STATUS 

NEAR  "ST 

BOUND 

SO 

DTETSHR1 

. 22684E+ 01 

.83451E+0C 

I GNCRED 

. 13  CD  ♦ 32 

Ml 

I GRAZD1 

. 48  9 6 OE  + 33 

* 436  73E+06 

I GNCRED 

a 10  CE  * 32 

82 

CIETWSG2 

.4612  IE  ♦02 

.593  70E  + 02 

I GN  C °ED 

. 13CE  + 32 

83 

OTETCSG2 

. 260  69E  + 02 

. 266  2 7E  + 02 

l GNC  °E  D 

.10  CE+32 

3 4 

0 IETWSF2 

.6574 5E +01 

.24471E+01 

IGNORED 

• 10  C+  + 32 

85 

CTETCSF2 

. 159  67E  + 02 

.84903E+01 

I GNCRED 

. lOCE*  32 

86 

CIETSH<?2 

. 5 26  95E  + 01 

* 25649E  + 0 1 

I GNCRED 

a 1 3 GE  ♦ 32 

87 

T GRAZD2 

. 11421E+04 

.94332E+06 

I GNCRED 

.1?  CE  + 32 

88 

DIET WSG  3 

. 53357E+ 02 

* 64457E+02 

I GNCnZD 

a 10  CE  + 32 

89 

C IETCSG3 

. 283  39E ♦ 02 

. 26  9 2 5E  + 0 2 

I GNGRZO 

.13CE  + 32 

9 0 

CIETWSF3 

. 136  27E  + 01 

.10 OOOE+Ol 

I GNCRED 

.13CE+32 

91 

DIETCSF3 

.5364  IE  + 01 

. 32  2 4 4E  + 0 1 

I GNCRED 

.10  CE+  32 

92 

DIETSHR3 

. 100  77E*  02 

. 439  38E  + 0 1 

IGNORED 

.10CE+32 

<5  3 

T GRAZD3 

. 963  25E+  03 

.81 108E+06 

I GNCRED 

. 10  CE+  32 

94 

GIETWSG4 

.50178E+  02 

. 69000E+02 

I GNCRED 

. 10  CE  + 32 

95 

0IETCSG4 

. 341 Q2E  + 02 

.27000E+02 

I GNCRED 

.10  GE  ♦ 32 

96 

OIETWSF4 

. 59 4 1 3E+  0 0 

.254 10E-14 

I GNCRED 

. 10  GE  ♦ 32 

97 

CIETCSF4 

. 21267E+  01 

alOOOOE+Ol 

I GNG  RED 

. 10  CE  + 32 

Q8 

C IE  TSWR 4 

. 13  0 00E  + 02 

. 2000CE+01 

I GNCRED 

.10CE+32 

99 

T C-RAZD4 

. 19558E+  04 

I GN  OPED 

.13CE+32 

ICO 

CAT  GRZ1 

. 43529E+02 

. 92629E+02 

I GNC  RE  0 

•10CE+32 

101 

BIS  GRZ1 

. 34426E+  02 

-.41453E-05 

I GNCRED 

. 10  0E  + 32 

102 

SHP  GRZ1 

. 1029  4E  + 02 

.73709E+01 

I GNCRED 

.10CE+32 

103 

ANT  GRZ1 

. 674  Q2E+Q1 

•27314E-14 

I GNOFED 

.100E+32 

10  4 

CAT  GRZ2 

*4846  3E + 02 

® 92543E  + 02 

I GNCRED 

• 10CE  + 32 

105 

BIS  GRZ2 

. 34752E  + 02 

41853E-Q5 

I GNCRED 

.10  CE*  32 

106 

SHP  GRZ2 

. 104  02E+  02 

.7451  7E  + Q1 

I GNCRED 

.10  CE ♦ 32 

107 

ANT  GRZ2 

*633  30E  +01 

• 258  79E- 1 4 

I GNCRED 

. 10  CE  ♦ 32 

108 

CAT  GRZ3 

. 4 88  7 7E  + 02 

•92519E+02 

I GNOFED 

. 10CE  + 32 

109 

BIS  GRZ3 

. 35399E+02 

422  58E-05 

I GNQREO 

•10 CE+32 

110 

SHP  GPZ3 

• 105  24E+  02 

. 74306E+01 

I GNO»EO 

.10  CE*  32 

111 

ANT  GRZ3 

. 51893E+  01 

.20357E-14 

I GNCRED 

.10QZ  + 32 

112 

CAT  GRZ4 

. 48175E+02 

.10  000E+03 

I GNORED 

.10  CE  + 32 

113 

BIS  GRZ4 

. 350  75E+02 

•22313E-12 

I GNC  RED 

.10  CE+32 

114 

SHP  GRZ4 

. 1 0 6 6 6 £ ♦ 02 

-« 13712E-13 

I GNCRED 

. 10  CE+  32 

115 

ANT  GRZ4 

.608  4 5E  + J1 

* 774 14E-14 

IGNORED 

. 10  0E+22 

116 

AUE  1 

« 900  OOE+  30 

.67738E+03 

I C-NO  c£ C 

.10  CE  + 32 

117 

AUE  2 

. 1169  OE  *01 

.3783  7E  + C3 

I GNC  RED 

.13  0E  + 22 

i ia 

AUE  3 

. 14310E  + 01 

. 10  8 33E+  04 

I GNCRED 

. 10  CE  ♦ 32 

1 19 

AUE  * 

. 17190E  + 01 

.41677E+03 

I GNCRED 

alOCE+32 

120 

T . AU-' 

. 13992E+  01 

. 710 54 E +03 

I GNCRED 

.10 CE+32 

1 ?1 

CIV  FUNC 

-.45557E+34 

-.26934E+07 

OBJ 

L AGD  flNGE 
MULT  I PLIER 


FINAL  RESULTS 


LINEAR*  MULTIPLE-SEASON*  NON-UEI GHTED « DETERMINISIC  MODEL  --  MODEL  6A1 
SrC  T ION  2 — VARIABLES 


INITIAL 

PINAL 

NO. 

name 

value 

value 

1 

CATTLE  1 

. 10030E+  01 

• 15S 56E  + 0 4 

2 

BISON  1 

. 10  0 30E  + 01 

-.  10  3 3 0E-03 

3 

SHEEP  1 

•1000 OE +01 

.594  84E  + 0 3 

A 

PRCNGHN1 

• 10  0 30E+  31 

.336  6 5L- 1 2 

e 

CATTLE  2 

. 10  3 00E+  01 

. 15  3 5 6E  +0  4 

6 

BISON  2 

• 1033  OE + 01 

-.10  000E-03 

7 

SHEEP  2 

. 1 0 3 301  + 01 

•59434E+03 

a 

PR0NGHN2 

. 13  0 30E  + 01 

. 33665E- 12 

9 

CATTLE  3 

. 13  3 00E  + 01 

. 15  3 56E  + 0 4 

10 

BISON  3 

. 100  30E+01 

-.  13  0 0 0E-03 

1 1 

SHEEP  3 

• 100  00E+  01 

.59434E+03 

12 

PRCNGHN3 

. 100  00E+  01 

. 3 36  6 5E- 1 2 

13 

CATTLE  4 

. 10  0 00E+01 

.55644E+03 

1 A 

BISON  4 

. 13  3 0CE+  01 

.1735 3E -11 

15 

SHEEP  4 

. 100  30E+  01 

-.344  S1E-12 

16 

PRCNGHN4 

. 100  00E+  01 

•34106E-12 

CIST  ANCE 
FROM 

REDUC'D 

STATUS 

nearest 

GRAD  IENT 

EAS  IC 

BOUND 
. 159E+  C 4 :l 

BAS  IC 

LCNERBN'D 

BASIC 

.595E+?3:L 

NCNBA3IC 

L0WER3ND 

. 1267  CE+03 

BAS  IC 

. 159E+  C 4 :l 

BAS  IC 

LCWERHfO 

EASIC 

.595E+33:L 

EAS  IC 

LCWER3ND 

BA  3 IC 

. 159E ♦ C4  IL 

BASIC 

LCNERRN3 

EASIC 

. 59  5E  + C3:L 

BAS  IC 

LCWERBND 

EAS  IC 

•55£E+03:L 

N0N9A3IC 

LCWERBND 

.3557 5r +33 

N0NSA5IC 

LCUERRND 

.65534'+C2 

N0N8ASIC 

LCWERBND 

.11455E+C3 
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FORTRAN  Program  RHS5:  Mode!  5 Series 


The  code  of  the  FORTRAN  program,  RHS5 , which  calculates  the  right-hand- 
side  values  for  the  Model  5 series,  as  implemented,  follows,  along  with  some 

sample  output. 


PSTOffi  RHS5  ( I NPUT , OUTPUT,  K)UI ? T APE8=Q0UT ) 

e..8.ePR90RI$1  TO  TIE  CfiLCULATE  HE  RIGHT-HAND-SIDE  VALUES  USED  IIS  THE 
C.....  MODEL  5 SERES  FOR  TO  GRG2  OPTIMIZATION  ALGORITHM. 

INTEGER  TO,  NAMEH6),  P£RWF(83 
REAL  H,  U(5),  3(5,2),  GR<5,2>,  1(5),  A(5) 

REAL  RHSG<5),  RUSH,  PENAL6(5),  PENALH(5),  M 
REAL  FRACTL,  STDBEV<8>,  VARS(5>»  VAR0C5) 

C.....NAHE  BATA 
DATA  NAMES  / 

1 6$«K  LINEAR,  SINGLE-SEASON,  IHHC3GBT®,  STOCHASTIC  MODEL  / 

C....,,  CONSTANTS 

DATA  H,  n /10000.,  150.  / 

DATA  STDBEV  /0.0,  .25,  .52,  .84,  1.28,  1.645,  1.96,  3.9/ 

DATA  PMM  / 0,  20,  40,  60,  80,  90,  95,  99/ 


C.... .PLANT  BATA 

DATA  0 /.45,  .46,  .45,  .46,  ,37/ 
mm  <(GR<I,JM=1,5),J=1,2)/ 

I 600.,  240.,  70.,  55.,  100.,  13.,  11.,  21.,  23.,  11./ 

BATA  <(S(I,J),I=1,5),J=1,2)/ 

I 50.,  3*5.,  15.,  2*5.,  2*10.,  20./ 

DATA  L /.32,  ,40,  .42,  .46,  ,33/ 

C COMPUTE  VARIANCES 

DO  100  I = 1,5 

VARG(I)  * (GR(I,1)  * GR(I,2)  / 100.)**2 

VARS(I)  * ($(!,!)  * SO, 2)  / 100.)**2 
100  CONTINUE 

C..... COMPUTE  AVIALABLE 
90  S®  130  1=1,5 

Ad)  = H * (S(I,!>  + GR(I,1))  * <1.  - LCI»» 

130  CONTINUE 


C..... COMPUTE  PENALTY  FUSCT/S  FOR  SITE-MAINTENANCE  CONSTRAINT 

00  150  1=1,5 

150  PENALM(I)  = SQRTUH  * (1.-  L(I»)«2  * VARS(D) 

1 + SGRTdH  * (1.-  L(I)))«*2  * VARGII)) 

C. ...  .COMPUTE  PENALTY  FUNCT.'S  FOR  OVER-GRAZING  CONSTRAINTS 
DO  170  1=1,5 

PENALG(I)  = SQRTdH  * 0(1)  * (1.-  L(I)))«2  * VARS(I)) 
1 * SQRT((H  * 0(1)  * (1.-  L(I)))»2  * VARG(D) 

170  CONTINUE 


DO  600  RUN  = 1,8 
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IF  (RUN.EQ.l)  PRINT  18,1) 

1 FORMAT  (*RQWS  - BOUMOS  FOR  CONSTRAINTS*) 

IF  (RUNaNEJ)PRINT(8,2HNAMEld),I=l>6),PERCNT(RUN)»PERCNT(RUN) 

2 FORMAT  (*G0*/*REVISE*/6A1Q,*  - *,I3,#X  LEVEL*/ 

I *ROW$  - BOUNDS  FOR  CONSTRAINTS  — *,I3»*%  LEVEL*) 

FRACTL  = STBSEV(IRUN) 

DO  500  I = 1,5 

RHS6(I)  = Ad)  * Ud)  - FRACTL  * PENALGd) 

RHSH  = RHSM  + Ad)  - FRACTL  * PENALM(I) 

500  CONTINUE 

RH3M  = RHSH  - H 


I = I 

PRINT  (8,3)  I,  RHSH 

3 FORMAT  (T2,*L*,T4,I3,T11,G2Q.14) 

DO  700  I = 2,6 

700  PRINT  (8,3)  I,  RHSG(I-l) 

PRINT  (8,5) 

5 FORMAT  (T2,*N*,T6,*7*,T9,*23*/T2,*0*,T5,*24*/*END*) 

600  CONTINUE 
PRINT  (8,4) 

4 FORMAT  (*60*/*ST0P*/*/E0F*) 


0® 
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ROMS  - BOUNDS  FOR  CONSTRAINTS 
L 1 7419349, 9999999 

L 2 1989000,0000000 

L 3 676199,99999999 

l 4 195750.00000000 

L 5 149040.00000000 

L 6 285085.00000000 

N 7 23 

0 24 
END 
GO 

REVISE 

NAME  QUADRATIC,  SINGLE-SEASON,  NQN-WEIGHTED,  STOCHASTIC  MODEL  --  207.  LEVEL 

ROWS  - BOUNDS  FOR  CONSTRAINTS  ” 207  LEVEL 
L 1 7179282,4999999 

L 2 1927417.5000000 

L 3 657811.49999999 

L 4 185832.00000000 

L 5 140873.85000000 

L 6 276408.50000000 

N 7 23 

0 24 
END 
GO 
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FORTRAN  Program  RHS6:  ModeS  6 Series 

The  code  of  the  FORTRAN  program,  RHS6,  which  calculates  the  right-hand- 
side  values  for  the  Model  6 series,  as  implemented,  follows,  along  with  some 
sample  output. 


PROGRAM  RBS6  ( INPUT , OUTPUT , GOUT , TAPE8=G0UT) 

C..... PROGRAM  TO  CALCULATE  THE  RIGHT  HAND  SIDE  VALUE  USED  IN  THE 
C NOBEL  6 SERIES  FOR  GRG2  OPTIMIZATION  ALGORITHM. 

REAL  H,  S(5),  GR(5,4),  U(5,4),  L(5,4>,  SH(4) 

REAL  PENALM(4),  PENAIG<5,4),  RHSMI4),  RKSG(5,4) 

REAL  VARSS5),  VARG'5,4),  STDDEV(8) 

INTEGER  NAHE(6),  PERCNTI8) 

INTEGER  m , I,  K,  LL,  M 

C DATA  NAMES 

MIA  NAME  / 

1  60HNAME  LINEAR,  MULTIPLE  SEASON,  NON-WEIGHTED,  STOCHASTIC  MODEL/ 

C. . . . . DATA  CONSTANTS 
DATA  H /10000.0/ 

DATA  STDDEV  / 0.0,  .25,  .52,  .84,  1.28,  1.645,  1.96,  3.9/ 

DATA  FOOT  / 0,  20,  40,  60,  80,  90,  95,  99/ 


C PLANT  DATA 

DATA  S /50.,  3*5.,  15./ 


DATA  <(UU,K>,M,5),K=1,4)/ 

1 .3,  .1,  .3,  2*.l, 

2 .1,  .3,  .1,  .3,  .1, 

3 4*. 5,  .3, 

4 5*.7/ 


DATA  ((0R(I,K),I=1,5),K=1,4>/ 

1 240.,  200.,  20.,  45.,  30., 

2 360.,  20.,  50.,  5.,  60. , 

3 0. * 20. , 0.,  5.,  10., 

4 5*0./ 


DATA  (<L(I,K),I=1,5>,K=1,4)/ 

1 .1,  .05,  2*. 1,  .05, 

2 .05,  .1,  .05,  .2,  .05, 

3 .1,  .5,  2*. 6,  .2, 

4 5*. 7/ 

DATA  VARS  / 6.25,  0.0625,  0.25,  0.25,  9./ 

DATA  ((VARG(I,K),I=1,5)»KS1,4)/ 

1 10.,  5.,  25.,  20.,  5., 

2 15. , 10. , 35. » 30. , 10. , 

3 25. , 30. » 45. , 40. » 30. , 

4 5*0./ 
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DATA  SM  /ISO.,  iOO.,  50.,  150./ 

C.... .CALCULATE  RIGHT-HAND  S IDE  PENALTY  FUNCTION  F OR  OVER-GRAZING  & 
C.....  SITE  NAINTENANCE  CONSTRAINTS 
m 100  K “1,4 
PENALHdO  = 0. 

DO  100  I = 1,5 
PENALGU,K)  = 0. 

VARGdiK)  = (GR(I,K)  # VARG(I,K)  / 100.)**2 

DO  110  H = 1,K 
TBf5  - H 
DO  m LL  = N,K 

120  TEMP  = TBf»  * U.  - L(IiLL)) 

IF  (H.EQ.1)  TBSP2  = TBf 

PENALG(LK)  * PENALG(I.K)  + SeRT((TENP«U(I»K))»2«VARG(I.H)) 
PENALHdO  * PENALHdO  + $0RTCTEHP#f2  * VARGd,H)> 

no  continue 

PENAL6(I,K)  * PENALG(LK)  + SORT( (TEHP2«U( I*K) )**2  * VARS(I)) 
PENALN(K)  = PENALHdO  4-  SGRTCTEi1P2**2  * VARS(I)) 

100  CONTINUE 


DO  200  RUN  = 1,8 
FRACTL  = STDIEViTOSl 
IF  (RUN.NE.1)  PRIMUS, 3) 

3 FWWT  (*GO*/*REVIS£*) 

IF  (RUN.EO.i)  PRINKS, 4) 

4 FS«I  (*  - BOUNDS  FOR  COMSTRAIMTS^) 

IF  (RUN.NE.1)  PRINT(8,5)(NAHE(I),M,6)»PERCNHRlflO>PERCNT(RUN) 

5 FORMAT  (6A10,*  - *, 13, *1  LEVEL*/ 

1 *R0NS  - BOUNDS  FOR  CONSTRAINTS  — *»13,*X  LEVEL*) 


DO  199  K = 1,4 
RHSH(K)  * 0. 

DO  204  I = 1,5 
RHSG(M)  * ®„ 

TEW  x S(I)  * H 
i29Ufs  IvK 

201  TEMP  s TEH*  * (i.  - L(I,W) 

Mil 0 x RHSWK)  ♦ TEMP 
flHSGd.K)  = TEMP  * U<I,K> 

DO  202  H = 1,K 
im  » GR(IfN)  * H 

DO  203  SX  = H.K 

203  TEMP  * TEMP  * (1.  - Ld.LLM 

RHSHdO  = RHSHdO  + TEMP 

202  RHSG(I.K)  * RHSG(I,K)  + TEW  * Ud,K) 
RHSGO.K)  = RHSGd.K)  - FRACTL  * PENALG(I,K) 


472 


204  CONTINUE 

RHSWK)  = RHSM(K)  - FRACTL  * PENALN(K)  - SHOO 

199  CONTINUE 

DO  300  K = 1,4 

300  PRINT  (8,6)  K,  RHSIHK) 

6 FORMAT  (T2,*L*,T4,I3,T11,G20.14) 

KK  = 4 

DO  400  K = 1,4 
DO  400  I = 1,5 

kk  = kk  * i 

PRINT  (8,6)  KKiRHSG(IiK) 

400  CONTINUE 

PRINT  (8,7) 

7 FORMAT  (T2,*L#,T5,#25*,T9,*36*/ 

1 T2,#N»,I5,»379,T8,*I20*/T2,»0»,T4,#121*/»E^) 

200  CONTINUE 
PRINT  (8,8) 

8 FORMAT  (*GO*i/,*STOP*,/»*/EOFt) 

STOP 

END 


ROWS  - BQUWS  FOR  CONSTRAINTS 
L I 5659849.9999998 

L 2 9897024,9999993 

L 3 7692274.9999995 

L 4 2307547.4999998 

L 5 782999.99999999 

L 6 194750.  00000000 

l 7 67500.000000000 

L 8 45QOO. 000000000 

L 9 42750,000000000 

L 10  589949.99999999 

L I!  579824.99999999 

L 12  68874.999999999 

l J.3  120000, 0000OO0O 

L 14  97612.499999999 

L 15  2654775.0000000 

t 16  533187.49999999 

t 17  137750. 00000000 

L 18  89999.999999998 

L 19  258269,99999999 

L 20  1115005*5000000 

L 21  223938.74999999 

l 22  57854.999999998 

L 23  37799.999999999 

L 24  180788,99999999 

L 25  36 

N 37  120 

O 121 

END 
GO 

REVISE 

I WE  LINEAR?  MULTIPLE-SEASON,  NON-WEIGHTED,  STOCHASTIC  MODEL 
ROWS  - BOUNDS  FOR  CONSTRAINTS  - 20X  LEVEL 


L 

1 

5531443.7499998 

L 

2 

9587899.9999993 

L 

3 

7448275,9374995 

L 

4 

2234347,7812498 

L 

5 

765112.49999999 

L 

6 

192315,62500000 

L 

7 

63787,500000000 

L 

8 

42862.500000000 

L 

9 

41681.250000000 

L 

10 

571460.62499999 

L 

11 

571902 .18749999 

L 

12 

63543.124999999 

L 

13 

113970.00000000 

L 

14 

95172.187499999 

L 

15 

2571572.8125000 

L 

16 

522835.15624999 

L 

17 

127086,25000000 

L 

18 

84979.999999998 

L 

19 

250613.24999999 

L 

20 

1080060.5812500 

L 

21 

219590.76562499 

l 

22 

53376.224999998 

L 

23 

35691.599999999 

l 

24 

175429,27499999 

L 

25  36 

N 

37  120 

0 121 

END 

GO 

REVISE 

m tern. 


Gradient  of  Model  2B 


Thus 


The  gradient  of  Model  2B  is  derived  as  follows: 


n=  1 

1 T1Ej=1Cj1 

+ 

1 [-T,E5=1cj1Dijl) 

ui2 
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"Li2) 

+ 
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Ui3 

( 1 

-Li2)(1-L 

i3> 

+ 

*1- 
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ui4 

( 1 

-Li2)d-L 

i3 ) ( 1 "Li4} 

n=2 

sl- 

1-T2Z^=1Cj2 

+ 

4- 

U-TjE^C^D^;,] 

•Ui3 

( 1 

-Li3) 

+ 

ll- 

l[-T2f?=1Cj2Dij2J 

ui4 

( 1 

-Li3)(1-L 

i4> 

n=3 

L 1= 

+ 

Z1. 
L 1= 

1 [-T3Ej=1Cj3Dij3] 

ui4 

( 1 

-Li4) 

n=4 

1-T4Ej=lCj4 

F ( x 

jn} 

= r 

L 

<-Tncjn)<1+Ei=l(D 

• • ZN 

ljn  m 

=n+1<uimlll= 

n+1 ( i-Lil ^ ) U ^ 

for  all  i and  n 


